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Executive Summary

Groundwater contamination by perchlorate is recognized as a significant environmental issue in
the United States and abroad. Current remediation methods for perchlorate-contaminated
groundwater generally involve extracting the water and treating it ex situ using either selective
ion exchange resins to adsorb the dissolved perchlorate or biological reactor systems to destroy it.
In situ remediation of perchlorate has the potential for both cost and safety benefits compared to
current ex situ approaches. Extensive laboratory and field studies conducted during the past
decade have revealed that perchlorate-reducing bacteria (PRB) are indigenous to most
groundwater aquifers, and that these bacteria can be stimulated to degrade perchlorate through
the addition of a wide variety of different organic electron donors, including various fatty acids,
alcohols, sugars and natural oils. The PRB oxidize the electron donor and subsequently reduce
perchlorate to chloride and water, two innocuous products. The main challenge for implementing
in situ perchlorate bioremediation is effectively mixing an electron donor into the perchlorate-
contaminated groundwater, and delivering the mixture to the indigenous perchlorate-reducing
bacteria, without having to extract water from the subsurface. Other challenges include
preventing microbial biofouling of pumping wells and minimizing the mobilization of secondary
groundwater contaminants, such as manganese (Mn) and iron (Fe).

An innovative in situ bioremediation technology, known as a horizontal flow treatment
well (HFTW) system, was evaluated during this demonstration for delivering electron donor, and
promoting the biological reduction of perchlorate. The HFTW technology consists of two dual-
screened treatment wells, one pumping contaminated groundwater from a deep aquifer region
and injecting it into a shallower zone and the other pumping contaminated groundwater from the
shallower aquifer region and injecting it into the deeper zone. The two wells work in tandem to
establish a groundwater recirculation zone in the subsurface. The electron donor is added and
mixed with contaminated groundwater at each well, creating and anaerobic, bioactive zone
between and downgradient of the HFTWSs during system operation. Contaminated water is never
brought to the surface, as treatment occurs in the in situ bioactive zones.

During this ESTCP Project, an HFTW system was installed at Aerojet General
Corporation’s 8,500 acre site in Rancho Cordova, California (Aerojet). The pair of HFTWs were
installed ~ 34 ft apart, and screened within a shallow zone in the aquifer from 46-61 ft below
land surface (bls) (upper screen) and within a deeper zone at 80-100 ft bls (lower screen). The
screen intervals for the HFTWs (each was screened in both intervals) were determined based on
an extensive geological evaluation and groundwater modeling. A group of 19 monitoring wells
screened within the shallow and deep zones, and placed at various locations upgradient and
downgradient of the HFTW pumping wells, were used to evaluate overall system performance.
Based on laboratory microcosm and column studies, citric acid was utilized as an electron donor
throughout the demonstration. This fatty acid was observed to effectively promote
biodegradation of perchlorate (as well as nitrate and trichloroethene, which were co-
contaminants in the aquifer), while creating less potential biofouling that alternate electron



donors, such as ethanol and acetate. In addition, chlorine dioxide was periodically added to each
of the HFTWs as a biofouling control agent.

The demonstration was conducted in three phases (Phases I-111). During Phase I, each of
the HFTWs was operated continuously at a net flow of 6 gallons-per-minute (gpm) and citric
acid was added in daily pulses. The objectives of Phase | were as follows: (1) to evaluate the
overall groundwater mixing and capture by the system; (2) to determine the extent of perchlorate
and nitrate reduction possible without mobilizing significant quantities of Fe and Mn as
secondary groundwater contaminants; and (3) to evaluate biofouling control and treatment. Only
a slight excess of the citric acid electron donor was applied during Phase | based on
stoichiometric requirements for the degradation of oxygen, nitrate, and perchlorate.

Fourteen groundwater sampling events were performed during Phase | operation,
including 5 background events and 9 events to measure system performance after initial electron
donor addition. Between the final background monitoring event (Day -15) and the final
groundwater event in Phase | on Day 275, perchlorate concentrations in the 7 shallow monitoring
wells declined by an average of 95% from the starting average of 2230 nug/L to 90 ug/L. One of
the downgradient wells reached < 5 pg/L on Day 67, but most of the other wells showed stable
perchlorate concentrations ranging from ~ 40 — 160 ug/L. These concentrations remained
reasonably consistent with electron donor dosages up to 2.5 times the calculated stoichiometry in
the upflow HFTW (HFTW-U).

The consistent decline in perchlorate concentration throughout the entire shallow aquifer
zone during Phase | showed that the HFTW system provided good mixing and electron donor
delivery within this region. This observation was consistent with conservative tracer tests
conducted during background testing. Moreover, a rapid and consistent reduction in perchlorate
concentrations observed in a side-gradient monitoring well showed that that the zone of
influence of the HFTW system in the shallow zone met or exceeded initial predictions derived
from a site-specific groundwater transport model. The low residual concentrations of perchlorate
throughout this region during Phase | Operation may reflect a limitation in electron donor in this
region (the donor was intentionally limited to prevent mobilization of Fe and Mn) or may be a
function of the mixing design and flow field of the HFTW system. In later testing (Phase Il1),
low concentrations of residual perchlorate were detected in several downgradient wells even in
the presence of excess electron donor.

Like the shallow downgradient wells, the perchlorate concentrations in the deep
downgradient monitoring wells at the site also declined significantly during Phase | operation,
although the extent and consistency of the reduction was less than for the shallow wells. Inthe 9
deep downgradient wells within the treatment zone, perchlorate concentrations declined by an
average of 60% from a starting concentration of 3722 pg/L on Day 0 to 1780 ug/L on Day 275.
However, in the 5 deep wells furthest downgradient, which are beyond the immediate influence
of the upgradient water entering the system through the HFTWSs, average perchlorate reductions



exceeding 93% were achieved by Day 146. Thus, with increased residence time, perchlorate
reduction in the deep region of the aquifer was much greater than for the wells close to the
HFTWSs. In addition, based on the tracer studies, several of the deep wells, were not well
connected to the HFTW system. Appreciable dispersion of the tracer cloud was apparent for
these wells suggesting either (1) that the water from the HFTW-D was significantly diluted with
untreated water prior to reaching these wells, or (2) that the quantity of water (and electron
donor) reaching these deep wells was appreciably lower than anticipated due to significant
recycling of the injected water from HFTW-D into HFTW-U with subsequent preferential
delivery into the shallow aquifer.

One of the key variables in Phase | was to determine if perchlorate could be degraded
without significant mobilization of Fe and Mn. This was accomplished by tightly controlling the
addition of citric acid, based on expected concentrations of oxygen, nitrate and perchlorate.
Mobilization of both Fe and Mn was minimal during the course of Phase | operation. With the
exception of two shallow wells closest to the HFTW-U, soluble Fe concentrations throughout the
plot remained well below 500 ug/L. Moreover, Fe that was dissolved and mobilized during the
active phase of operation rapidly re-precipitated when the system was shut down. Dissolved Mn
concentrations also generally remained low during Phase I. Concentrations reached a maximum
of 1470 pg/L in one well but rapidly declined back to < 50 pg/L after electron donor addition
ceased at the end of Phase I. During the final sampling event in Phase | in which Mn was
measured, concentrations of the metal were below 50 pg/L in 12 of the downgradient monitoring
wells. The concentrations of Fe and Mn mobilized during this demonstration are appreciably
lower than those produced during previous pilot work at the Aerojet Site. During a previous
pilot demonstration in which ethanol was tested as an electron donor with an active pumping
system (groundwater extraction & reinjection design), dissolved Fe in some monitoring wells
exceeded 2.9 mg/L, and Mn concentrations reached 5 mg/L. Moreover, Dissolved Fe and Mn
exceeding 70 mg/L and 40 mg/L, respectively, have been observed using slow release substrates
for in situ perchlorate treatment.

During the initial period of Phase | operation (Day 0 to Day 105), the citric acid dosing
was programmed to occur as a batch addition once per day. This addition was then followed by
an injection of stabilized chlorine dioxide solution (ClO,) to achieve approximately 10 mg/L of
chlorine dioxide in each well for 30 min. The hydraulic head near both screens of each HFTW
(i.e., the injection and extraction screen) were monitored using transducers to assess biofouling.
The pressure/hydraulic head levels near both screen intervals of each HFTW were stable through
Day 42), at which time the chlorine dioxide system experienced the first of two mechanical
failures. The absence of chlorine dioxide during this period (with continued daily addition of
citric acid) resulted in a significant pressure increase in the lower screen of the downflow HFTW,
while the chlorine dioxide system was non-functional, and then the pressure continued to
increase gradually thereafter even when chlorine dioxide was added. An increase in hydraulic



head in the upper screen of the upflow well (injection screen) was also observed beginning
around Day 50. The pressure in this zone also gradually increased thereafter. The system was
operated under a constant pumping scenario at 6 gpm without issue despite the pressure increases
until Day 150, at which time water leakage was observed through the cap of the upflow well, and
the system was shut-down. Various chemical and biological approaches (enzyme treatment, acid
treatment, and physical rehabilitation) were tested to decrease well pressure during this period,
and the system was operated intermittently. Electron donor was not injected from the end of
Phase | (Day 275) until the beginning of Phase Il operation (Day 472) to allow rebound of
perchlorate throughout the demonstration plot. Each of the HFTWSs was redeveloped via
traditional chemical and physical methods prior to the commencement of Phase I1.

The key objective of Phase Il was to treat perchlorate without promoting significant well
biofouling. The electron donor dosing regimen was switched from a daily addition (as in Phase I)
to larger weekly or twice-per-week doses in order to evaluate the impact of dosing schedule on
both perchlorate treatment and well fouling. In addition, chlorine dioxide was added to each
well on a daily basis (4 — 8 times per day) as a preventative measure. The wells were operated
continuously at 6 gpm during Phase Il. The objective of Phase Ill was to assess an “active-
passive” mode of operation. In this case, the HFTWSs were used primarily for mixing electron
donor with the perchlorate-contaminated groundwater. The pumping wells were then turned off
between mixing periods. The key objective was to determine whether this mode of system
operation would result in a consistent reduction in perchlorate concentrations and reduced system
operation and maintenance (O&M) costs. During Phase IlI, the HFTW treatment wells were
operated in a 15-day cycle consisting of 3 days of active pumping followed by 12 days in passive
(non-pumping) mode. Citric acid was added to both HFTWs in three 12-h pulses during the
active period, and each HFTW was operated at a net flow rate of 6 gpm. The 15-day cycle was
repeated 6 times during the 3-month test period, and three sampling events were performed.

A total of 9 groundwater sampling events were performed during Phase Il & Phase IlI
operation. These sampling events included one background event prior to each phase, four events
to measure system performance in Phase Il, and three events to measure system performance in
Phase I11. Perchlorate concentrations rebounded appreciably in most shallow monitoring wells
between Day 275, the last day for sampling in Phase I, and Day 472, (the background sampling
event conducted just prior to the initiation of Phase Il). Values in most wells increased from <
100 pg/L on Day 275 to > 900 pg/L on Day 472. Even after nearly 200 days without electron
donor, however, perchlorate concentrations in most of the shallow wells were appreciably below
their initial concentrations prior to system start-up and electron donor addition (i.e., Day 0), at
which time most wells had concentrations exceeding 2,000 ug/L. As was observed in Phase I,
perchlorate concentrations in all of the downgradient shallow wells declined rapidly during
Phase 11, but they did not generally go below detection, but rather ranged from ~ 30 - 110 ug/L



despite increasing the electron donor addition rate to ~ 4 times the stoichiometric requirement in
the HFTW-U through most of the Phase II.

Perchlorate concentrations generally remained low in the shallow wells during the Phase
111 “active-passive” testing. Concentrations in several wells near the HFTW pumping wells were
lower during Phase 11l than in either Phase | or Phase Il testing, likely reflecting an increased
residence time of water in the bioactive zone while the HFTWs were not pumping. In addition,
with the system shut down during “passive” treatment, upgradient water (containing oxygen and
nitrate as well as perchlorate) was not continually circulated throughout the plot. The increased
reaction time and absence of new electron acceptor demand (particularly from oxygen and
nitrate) probably resulted in the significantly lower perchlorate concentrations in this region
during Phase I1l. The other shallow wells are further downgradient, and thus much less impacted
by the pumping system.

The consistent decline in perchlorate throughout the entire shallow aquifer during Phase
I confirmed that, even with much more periodic dosing of electron donor (i.e., from daily dosing
during Phase I to 1 or 2 times per week during Phase Il), the HFTW system operated well as a
treatment technology in the shallow zone. Moreover, the data from Phase Il suggest that
perchlorate treatment can be achieved by using the HFTW system intermittently as a vehicle to
mix electron donor with the contaminated groundwater. Even in the side-gradient well,
perchlorate concentrations remained < 100 ug/L throughout Phase Ill, even though the system
was not pumped continuously. This suggests that the capture zone of the system during active
pumping was maintained during the *“active-passive” phase. The ability to operate this system
several days per month rather than continuously could appreciably reduce the O&M costs
associated with biofouling and well redevelopment, which is the most significant issue with this
design.

The perchlorate concentrations in the shallow zone on Day 801 represent a 96 + 4%
reduction in dissolved perchlorate from the starting concentration in each well prior to Phase |
(Day -7) and an average 94 + 3% reduction from perchlorate concentrations prior to Phase Il
(Day 472). Thus, perchlorate treatment in the shallow zone was very effective. However, with
the exception of one well, perchlorate concentrations of < 4 ug/L were not generally achieved in
the shallow zone during Phase Il and Phase I1l. Rather, perchlorate stabilized between ~ 30 to
100 pg/L in most wells. Interestingly, a low residual concentration of contaminant was also
observed during previous testing of a HFTW system for cometabolic treatment of TCE. The low
residual contaminant was attributed primarily to competitive interactions between toluene (the
cosubstrate) and TCE during biodegradation by toluene-oxidizing strains. However, the
occurrence of low residual contaminant concentrations in both demonstrations suggests that this
may be characteristic of the HFTW system.

The perchlorate concentrations in the deep downgradient monitoring wells showed a less
consistent pattern of decrease during Phase Il and Phase 111 than did the shallow wells during the
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same interval. However, the overall percentage reduction in the deep zone on Day 801 was 80 +
39% from the starting perchlorate concentration in each well prior to Phase | (Day -7), and an
average 52 + 29% reduction from perchlorate concentrations at the end of Phase | (Day 275). |If
one only considers the 6 deep wells furthest downgradient from the HFTWs, the total perchlorate
reduction during the 801-day demonstration was 88 + 9%. Thus, although non-detect
concentrations of perchlorate were only achieved in a few wells, reasonable perchlorate
treatment occurred in the deep zone, particularly considering results from the far downgradient
wells.

There are several potential explanations for the persistence of low concentrations of
residual perchlorate in the shallow and deep wells downgradient from the HFTW system. Tracer
testing clearly showed that some of the deeper wells were not well-connected to the HFTW
system hydraulically. For these wells, the concentration of electron donor was certainly
inadequate for significant treatment of perchlorate. Many other wells, however, were
hydraulically connected based on tracer tests, and had residual electron donor in Phase Ill, yet
perchlorate and nitrate persisted at very low concentrations. The persistence of low
concentrations of these electron acceptors may result primarily from aquifer heterogeneity, and
this effect may be exacerbated with the HFTW system design due to the complex groundwater
flow patterns of the paired pumping wells (i.e., deep water being brought up in the HFTW-U and
shallow water pushed down in the HFTW-D, with perhaps some static zones in-between the
wells). In some regions, electron donor may not mix with groundwater during the course of the
demonstration due to low permeability, poor connectedness to the injection well, etc. As a result,
little degradation of perchlorate is likely in these zones, while extensive degradation (probably to
non-detect concentrations) occurs in other regions. When groundwater is sampled from a
broadly screened well, zones with varying degrees of local reaction may be represented in the
bulk sample. As a result, partial degradation of various electron acceptors, including perchlorate,
nitrate, and sulfate, may be observed in the sample. This appears to be the case for many wells
in Phase Il and Phase 111 of this HFTW demonstration.

The treatment of TCE by the HFTW system was also evaluated during Phase Il and
Phase IlIl. The electron donor concentration was increased significantly and a commercial
culture containing Dehalococcoides spp. was injected into the HFTWs during Phase 1l to
enhance reductive dechlorination. TCE concentrations in many of the shallow wells declined
significantly during Phase Il and Phase Ill. There was a 76 + 23% reduction in total TCE in all
of the shallow wells from the beginning of Phase Il (Day 472) to the end of Phase Il (Day 801).
If only the downgradient wells are considered, then the percent loss was 87 + 14%, with average
final concentrations being 323 ug/L. Cis-1,2-DCE (the initial reductive degradation product of
TCE) was detected at high concentrations (>1,000 pg/L) in three of the shallow wells, while
vinyl chloride (VC) was only detected during the last sampling event (Day 801) in one well. The
relatively rapid and significant decline in TCE during the months after injection of the
Dehalococcoides spp. in many of the shallow wells suggests that the bioaugmentation procedure
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enhanced the dechlorination kinetics. The TCE concentrations in a number of the deep
downgradient monitoring wells also declined significantly from the beginning of Phase 1l to the
end of Phase I1l. Most notably, the TCE concentration in the far downgradient wells declined by
as much as 98% from the start of the demonstration. However, as with perchlorate, the average
decline in TCE concentrations in all of the deep monitoring wells was appreciably less than in
the shallow wells, averaging 71 + 23% in the four wells furthest downgradient from the
beginning to the end of Phase IlI.

There were various mechanical issues with the chlorine dioxide system during Phase I1.
These issues were primarily based on the design of the “demonstration scale” unit and are
unlikely to be an issue for a full-scale system, as chlorine-dioxide systems are used on a large
commercial scale for drinking water disinfection, among other applications. However, based on
overall pressure trends observed during Phase Il operation, it appears that an operational mode in
which large, infrequent doses (one or two per week) of electron donor are injected, coupled with
small, frequent doses (several per day) of chlorine dioxide is a more effective long-term
operating condition for this type of treatment system than daily additions of both amendments. It
may still be necessary to re-develop the HFTWSs on a periodic basis, but this operational regimen
should significantly increase the time between re-development events.

The operational data from Phase 111 suggest that an “active-passive” approach may be the
best overall operational strategy for an HFTW system in terms of both contaminant treatment
and reduced O&M costs. Pressure increases also occurred in the HFTWSs during Phase 111, but
with the short-term operation and large doses of citric acid (which assists in biofouling control
through both acidification of local groundwater, and chelation of precipitated metals), these
increases did not affect operation during “active” phases. In addition, large additions of chlorine
dioxide or other biofouling agents can be applied to wells during the passive phases to assist with
long-term biofouling control. Thus, given that the treatment of perchlorate, as well as TCE,
during this phase was equivalent to or better than that observed during the continuous-pumping
phases, while biofouling was more readily controlled, “active-passive” operation appears to be
the most desirable operational approach for this type of in situ design.
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1.0 INTRODUCTION

This ESTCP project was a collaborative effort among Shaw Environmental, Inc. (Shaw),
the Air Force Institute of Technology (AFIT), the University of New Mexico (UNM),
and GenCorp Aerojet Corporation (Aerojet). The objective was to demonstrate in situ
bioremediation of perchlorate in a contaminated aquifer using electron donor addition to
stimulate naturally-occurring bacteria capable of perchlorate reduction. A groundwater
recirculation system (horizontal flow treatment wells; HFTW) was employed to distribute
and mix electron donor with perchlorate in the subsurface. This system has previously
undergone successful testing for application of electron donor (toluene) for cometabolic
remediation of TCE at Edwards Air Force Base, California (McCarty et al., 1998). This
project represents the first application of this design for in situ perchlorate remediation.

1.1  Background

Ammonium perchlorate (NH4ClO,4) has been used since the 1940s in the United States as
an oxidizer in solid propellants and explosives. Discharges during the manufacture of
this compound and from the periodic replacement of outdated solid fuels in military
missiles and rockets has resulted in substantial perchlorate contamination in groundwater
in numerous states, including California, Texas, Maryland, Utah, and Nevada (ITRC,
2008; Brandhuber and Clark, 2005; Hatzinger, 2005; Urbansky, 1998; Damian and
Pontius, 1999). Perchlorate is also present in commercial products, (including flares,
fireworks, chlorine bleach, and chlorate herbicides) and occurs naturally in Chilean
nitrate fertilizers and some soils and mineral deposits in the Southwest US (Aziz and
Hatzinger, 2008; Aziz et al., 2006; Rajagopalan et al., 2006; Dasgupta et al., 2006). It is
estimated that the drinking water of more than 15 million people may be impacted by
perchlorate (Wu et al., 2001). The most extensive sampling for perchlorate has been
conducted in California. According to data compiled by the California Department of
Public Health (CDPH), perchlorate has been detected at concentrations exceeding 4 ng/L
in 479 of 9,500 sources tested in the state during at least one sampling event over the past
5 years (CDPH, 2009).

Standard water treatment technologies such as sedimentation, air-stripping,
carbon adsorption, and advanced oxidation, are generally not effective at removing
perchlorate from water because the compound is nonreactive and nonvolatile, its salts are
highly soluble, and it can not be reduced by common reducing agents (Urbansky, 1998;
Logan, 1998; USEPA, 2001). Unlike abiotic approaches, however, biological treatment
represents a promising technology for perchlorate remediation in ground and surface
water. A wide variety of microbial strains have been isolated with the ability to degrade
perchlorate by using the molecule as a terminal electron acceptor (ITRC, 2008; Coates
and Achenbach, 2004; Achenbach et al., 2001; Coates et al., 1999; Rikken et al., 1996).
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The enzymatic pathways involved in perchlorate reduction have been studied in various
strains. A perchlorate reductase enzyme catalyzes an initial two-step reduction of
perchlorate (ClO4") to chlorate (CIO3) and then chlorite (ClO,") (Coates and Achenbach,
2004; van Ginkel et al., 1996; Kengen et al., 1999). The chlorite is further reduced by
chlorite dismutase to chloride (CI") and oxygen (O,), the latter of which is reduced to
water (H,O) (Coates and Achenbach, 2004; Coates et al., 1999). Thus, microbial
degradation of perchlorate yields two innocuous products, chloride and water (Figure 1.1).

Figure 1.1. Schematic Showing the Microbial Reduction of Perchlorate.

Biomass + CO, Substrate

N
KCIOZ'— CIO3'\

Cl+ H,0 clo,

Ex situ biological treatment systems have been successfully developed and implemented
to treat perchlorate-contaminated groundwater (ITRC, 2008; Sutton, 2006; Hatzinger,
2005; Logan, 2001). In fact, seven full-scale reactor systems are presently treating
groundwater (5) and wastewater (2) (ITRC, 2008; Sutton, 2006; Hatzinger, 2005).
Electron donors, such as ethanol and acetate, are supplied to perchlorate-reducing
bacteria in these reactors to promote biological reduction of the propellant. The success
of ex situ biological treatment of perchlorate has prompted researchers to evaluate in situ
treatment options. Current data suggest that perchlorate reducing bacteria are naturally
occurring in various environments, including soils, sludges, wastewater, and most
groundwater aquifers (Coates et al., 1999; Wu et al., 2001; Waller et al., 2004; Tan et al.,
2004). In general, the reason that these indigenous bacteria do not degrade perchlorate in
groundwater environments is the absence of a suitable electron donor and unfavorable
geochemical conditions (in fact, the two go hand-in-hand). Many aquifers contaminated
with perchlorate are aerobic, contain substantial quantities of nitrate, and have low total
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organic carbon. Each of these factors serves to inhibit perchlorate biodegradation.
However, in many instances, adding a suitable organic or inorganic electron donor is all
that is required to promote perchlorate bioremediation. When an electron donor is added,
indigenous bacteria will often rapidly consume both oxygen and nitrate, thus removing
any geochemical inhibitors of perchlorate reduction. Perchlorate-reducing bacteria
(PRB) will then metabolize perchlorate, producing chloride and water as degradation
products.

A wide variety of different electron donors, including ethanol, acetate, benzoate,
lactate, citrate, emulsified vegetable oil, molasses, and others have been shown to support
biological perchlorate reduction (Hatzinger, 2005 and references therein). Since PRB are
indigenous in most aquifers, the prime in situ treatment approach is biostimulation
through electron donor addition. A good method for adding electron donor and mixing
that donor with perchlorate contaminated groundwater is the key for successful in situ
treatment of perchlorate. The approaches for in situ perchlorate treatment include “active
systems” that mix soluble electron donors into groundwater during continuous active
pumping; “semi-passive systems” that mix soluble electron donors into groundwater
during intermittent pumping and “passive systems” that apply slow-release electron
donors in trenches, wells, or using direct-push methods and rely upon natural
groundwater flow to mix electron donor with contaminated water. The pros and cons of
these different possible approaches are described in a recent ESTCP monograph (Stroo
and Ward, 2008).

For this demonstration, an active pumping approach based upon a recirculating
well technology developed at Stanford University was evaluated for electron donor
addition and mixing (McCarty et al., 1998; Goltz et al., 1998; Gandhi et al., 20023,
2002b). This HFTW technology was chosen for this application because it was
anticipated to be an effective and inexpensive option for applying electron donor to deep
aquifers contaminated with perchlorate. Many competing in situ technologies, such as
treatment trenches and barrier walls, are applicable for perchlorate in shallow (< 30 ft),
isotropic aquifers, but these technologies are not feasible or cost-effective in deep
groundwater. This point is important because much of the groundwater perchlorate
contamination in the western United States is within deep aquifers. An example of the
plume depths for several significant DoD, DoD-contractor, and NASA sites is presented
in Table 1.1. Many of these plumes are greater than 100 ft below ground surface.
Drilling to these depths, particularly if many wells are required for injection of poorly
dispersed substrates, can be prohibitively expensive. Therefore, a system that effectively
meters and mixes electron donor with a large zone of influence, such as the HFTW
system, is anticipated to be the most effective in situ remediation option.



Table 1.1. Depth to Groundwater Perchlorate Contamination at Several

Sites.
Site Location Plume Depth
(ft below surface)

Jet Propulsion Laboratory Pasadena, CA 200"
Thiokol Propulsion Brigham City, UT 60 - 400°
Edwards AFB (Site 285) Edwards, CA 125 - 190
American Pacific Corp. Henderson, NV 50 -300°
GenCorp Aerojet Rancho Cordova, CA 100 - 300°
Los Alamos National Labs Los Alamos, NM 50 - 740°
White Sands Missile Range | White Sands,NM 70 - 200°
Holloman AFB Alamogordo, NM 300 - 400°
Boeing Corp. Rancho Cordova, CA 100 - 300°
Mass. Military Reservation | Cape Cod, MA 40 - 150"
Melrose Bombing Range NM 110 - 135°
Cannon AFB Clovis, NM 300°

! From Remedial Investigation (RI) or other site report.
2 Personal communication with site personnel.
® New Mexico Environmental Department (NMED). From USGS quarterly reports.

In addition to providing effective mixing, contaminated water passing through the HFTW
system is not brought to the surface. As a result, regulatory concerns are reduced, and the
requirement for an injection or waste discharge permit, which is common for in situ
systems bringing water to the surface prior to reinjection (i.e., so that electron donor can
be added) can often be avoided. Finally, this technology has a very small aboveground
“footprint” which may be a requirement at many sites. In essence, this technology
combines the advantages of pump-and-treat and in situ technologies. HFTWSs have the
advantages of active containment and groundwater capture provided by traditional pump-
and-treat systems while simultaneously having the advantages of in situ treatment
(cost/risk reductions of subsurface contaminant destruction and minimal aboveground
infrastructure). A zone of influence of 80 meters was documented for the two-well
HFTW system previously tested at Edwards AFB (McCarty et al., 1998). Another
important advantage of the HFTW system is that it causes recirculation of contaminated
water. This recirculation means that the system, in effect, acts as a recycle reactor,
resulting in both flexibility (the extent of recycle can be controlled by controlling the
flow of water through the wells) and increased efficiency (very low contaminant
concentrations downgradient of the system may be achieved by increasing the extent of
recycle). Thus, while the HFTW system is not designed for shallow sites, it is expected
to be a viable and cost-effective option at many DoD sites with deep perchlorate-
contaminated groundwater.



A large number of DoD facilities and DoD contractors presently have
groundwater contaminated with perchlorate, often at multiple locations (e.g., hogout
facilities, burn and disposal areas, live fire ranges). If or when firm EPA and/or state
regulatory limits for perchlorate are established, groundwater at many of these locations
will have to be treated. Current treatment technologies for this contaminant are limited
largely to ex situ pump-and-treat systems in which water is passed through a bioreactor or
ion exchange system to remove perchlorate. These systems, although very effective,
require a large initial capital expenditure and the removal and reinjection of large
volumes of groundwater. The testing and verification of electron donor addition using
the HFTW technology provides DoD with an alternative in situ approach for perchlorate
remediation.  Although site-specific conditions must be taken into account, this
technology is expected to be dramatically less expensive than current ex situ options at
many sites, because an ion exchange or reactor system is not required and water does not
have to be pumped above ground. A recent economic analysis of various in situ remedial
approaches is provided in Stroo and Ward, (2008). The HFTW technology already has
proven to be effective for addition and mixing of an electron donor for TCE remediation
(McCarty et al., 1998; Goltz et al., 1998; Gandhi et al., 2002a, 2002b). Thus, this
treatment technology is mature, expected to be very cost effective compared to ex situ
options, and should be widely applicable for in situ perchlorate remediation at DoD
facilities.

Another treatment option for perchlorate-contaminated groundwater is the
injection of slow-release or complex substrates such as emulsified vegetable oils and
polylactate (HRC) within zones in a contaminant plume. This approach, particularly
using emulsified oils, has proven to be very effective for perchlorate treatment in shallow
groundwater aquifers (Borden, 2007a; 2007b; Stroo and Ward, 2008). However, the
application of this technology for deep aquifers can be technically challenging and cost-
prohibitive. Because slow-release substrates do not mix well with water, they must be
applied at close spacing to provide treatment efficacy for a soluble contaminant such as
perchlorate. Thus, multiple, closely spaced wells must be drilled to apply slow-release
electron donor (e.g., Borden 2007a; 2007b). Such application will be expensive at deep
sites where drilling costs often drive remediation. In addition, once a slow-release
substrate is applied to an aquifer, it cannot be recovered and the resulting redox of the
aquifer cannot be controlled. This may result in aquifer redox conditions becoming much
more reducing than minimally required for perchlorate treatment (redox similar to nitrate
reduction) and yield hydrogen sulfide (from sulfate reduction), methane (from
methanogenesis), and possibly result in the mobilization of manganese, iron, and arsenic
(as arsenate is bioreduced to the more mobile, more toxic arsenite species). These
endpoints are undesirable, particularly in an aquifer supplying drinking water. With
circulation or injection/extraction systems, good mixing and regulation of contaminated
groundwater with electron donor is achieved, reducing the quantity of donor used and

5



allowing appropriate control of the reduction potential within the treatment zone. In
addition, electron donor addition can be quickly stopped or modified (i.e., change donors,
donor application rate, etc) if unanticipated endpoints are observed. One of the key
objectives of this demonstration was to determine if perchlorate treatment in a drinking
water aquifer can be conducted with minimal mobilization of secondary groundwater
contaminants, primarily iron and manganese.

1.2 Objectives of the Demonstration

The objectives of this project were to demonstrate the following: (1) that in situ
biological perchlorate treatment is feasible in the field using electron donor addition; (2)
that perchlorate can be treated for a sustained period to < 4 ug/L; (3) that perchlorate can
be treated in a drinking water aquifer without mobilizing significant quantities of iron and
manganese or reducing reduction potentials (ORP) to very low levels; (4) that the zone of
influence and efficiency of the HFTW system are sufficient to make the technology a
viable, cost-effective option at many sites; (4) that biofouling can be effectively
controlled by one or several measures that are easily implemented and (5) that co-
contaminants, including nitrate and TCE, can be treated using the same HFTW
technology. As with any pilot-scale technology demonstration, a main objective of this
field project was to collect and document information that is relevant to site managers
and regulators who are responsible for choosing and implementing technologies. The
demonstration was designed to validate the use of HFTWs and electron donor addition
for in situ perchlorate treatment and to determine the potential problems and costs
associated with implementation. This information will be made available to interested
DoD and regulatory personnel through technology transfer efforts.

1.3 Regulatory Drivers

There is currently no federal drinking water standard (maximum contaminant level
[MCL]) for perchlorate. However, perchlorate monitoring is required in drinking water
by EPA under the Safe Drinking Water Act, 1996 amendment. According to this act,
EPA must publish a list of unregulated contaminants (Unregulated Contaminant
Monitoring Regulation (UCMR) List) for which monitoring is performed in anticipation
of possible future regulatory action. Perchlorate is one of 36 contaminants currently on
the final UCMR list published in 1999 (USEPA, 2000). In addition to the UCMR ruling,
EPA published an extensive toxicological review on perchlorate in 2002 (USEPA, 2002).
This review suggested a reference dose (RfD) of 0.00003 mg perchlorate/kg body wt/day
as a protective level for humans. Assuming 2L of water consumption per day, and an
average body weight of 70 kg, this RfD corresponds to a drinking water standard of 1
ug/L. In 2005, after reviewing the available toxicological literature and EPA reports, a
special committee of the National Academy of Sciences (NAS) recommended a RfD of
0.7 ng perchlorate/kg body wt/day for perchlorate (NAS, 2005). This RfD equates to a
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drinking water standard of 24.5 ug/L using the assumptions made by EPA in 2002. In
October 2008, the EPA decided not to promulgate a federal MCL for perchlorate based
on Safe Drinking Water Act criteria. However, at the publication of this report, this
decision still remains the topic of scientific and political debate.

Although there is presently no federal MCL, number of states have set their own
drinking water advisory levels, including Texas (4 pg/L), New York (5 ug/L), Arizona
(14 pg/L), Nevada (18 pg/L), and Maryland (1 pg/L). In addition, in 2006,
Massachusetts promulgated the first state regulatory standard for perchlorate at 2 ug/L
(MADEP, 2009). California followed suit in 2007, setting a slightly higher regulatory
standard of 6 ug/L (CDPH, 2009).

1.4 Stakeholder/End-User Issues

This ESTCP demonstration evaluated the efficacy of HFTWs for perchlorate remediation
under hydrogeological and geochemical conditions that are typical of many perchlorate-
contaminated aquifers in California. The demonstration also quantified the basic capital
and operational cost of the technology, including maintenance costs and approaches to
control well biofouling. In addition, the impacts of the technology on the geochemistry
of treated groundwater (e.g., mobilization of iron and manganese) were evaluated. This
issue was one of the most significant interests of the Central Valley Regional Water
Quality Control Board during their review of the workplan for this project. Thus, the
main issues of concern for end-users of the technology, performance, cost, and potential
groundwater impacts were addressed during the project.



2.0 TECHNOLOGY DESCRIPTION

This project demonstrates the combined use of two innovative technologies: (1)
bioremediation of perchlorate contaminated groundwater through electron donor addition,
and (2) horizontal flow treatment wells to achieve in situ mixing of the electron donor
with the perchlorate-contaminated water, and delivery of the mixture to indigenous
perchlorate-degrading bacteria. The field demonstration of in situ perchlorate treatment
using electron donor addition builds upon extensive laboratory data showing that
perchlorate-reducing bacteria are indigenous to many natural environments, including
groundwater aquifers and that they can be stimulated to biodegrade perchlorate upon
addition of appropriate electron donors (Tan et al., 2004; Waller et al., 2004; Hatzinger et
al., 2002; Coates et al., 1999). The HFTW system is used to distribute electron donor
within the contaminated zone in the aquifer. The HFTW design combines the best
features of pump-and-treat and funnel-and-gate technologies to contain and treat
contaminated groundwater. As an in situ technology, contaminant destruction occurs
below ground, and there is no need to pump contaminated water to the surface for
treatment. On the other hand, since the HFTW system uses pumping wells, the
contaminant plume is actively contained, and the limitations of funnel-and-gate systems
(restricted to relatively shallow contamination depths and potential for plume to bypass
the treatment system) are overcome.

2.1 Technology Development and Application

2.1.1 Electron Donor Addition for Perchlorate Bioremediation

During the past several years, laboratory studies have revealed the following: (1)
perchlorate is utilized by a variety of bacteria as a terminal electron acceptor in a form of
anaerobic respiration (similar to denitrification or sulfate reduction); (2) perchlorate-
reducing bacteria (PRB) are indigenous to many natural environments, including
groundwater aquifers; (3) the addition of one or more organic (or inorganic) electron
donors is sufficient to promote the biological reduction of perchlorate in groundwater and
other environments; and (4) perchlorate is completely reduced to chloride and water
during biodegradation.  These findings all indicate that biological reduction of
perchlorate through electron donor addition (i.e., biostimulation) is a promising
technology for remediation of the contaminant. The success of this approach, however,
depends on adequate mixing and distribution of the electron donor with perchlorate-
contaminated groundwater. In this demonstration, we have chosen to utilize HFTW
technology to mix electron donor with groundwater in the subsurface.

2.1.2 Horizontal Flow Treatment Wells (HFTWs)
HFTWs are designed to operate in pairs in the subsurface. The key advantage of these
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well pairs is that they promote significant mixing of amendments with groundwater
without the necessity of pumping groundwater to the surface (i.e., the process occurs in
the saturated zone). In this field demonstration, one pair of HFTWs was installed. A
schematic of the two wells is provided in Figure 2.1, and photos of the pumps and
packers being installed into one of the HFTWs are provided in Figure 2.2. As shown in
Figure 2.1, each treatment well has two screens, one an injection screen, the other an
extraction screen. One of the two treatment wells is operated in an upflow mode such
that groundwater is extracted from the aquifer through the lower well screen, and
amended with citric acid as the electron donor (HFTW-U). The electron donor-
augmented groundwater is then injected back into the aquifer through the upper well
screen. The second treatment well is operated in a downflow manner (HFTW-D). In this
case, the groundwater is extracted from the aquifer into the upper well screen, augmented
with electron donor, and then injected back into the aquifer through the lower well screen.
Inflatable packers are placed within each well to prevent water exchange between the
upper and lower screen intervals. A bentonite seal is placed at the location of each packer
during well installation to prevent water movement/leakage from one zone to another in
the filter pack of each well. With this two-well arrangement, a percentage of the
groundwater is recycled between the two wells. This percentage can be modified by
changing pumping rates in the two HFTWs.

Figure 2.1. Schematic of HFTW Design.
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Figure 2.2. Photograph of Equipment Installation into the Downflow HFTW at
Aerojet. The packer is visible in panel A and the wiring, tubing, and equipment present
in the HFTW is seen in Panel B.

Due to hydraulic conductivity anisotropy such as is typically seen in aquifers (Fetter,
1994), groundwater flow between the injection and extraction screens of a well pair is
predominantly horizontal in the HFTW system. This is in contrast to conventional
groundwater circulation wells (GCWs) that depend on vertical flow between the injection
and extraction screens of a single well. For any installation, the distance between the
pair(s) of HFTWs, the screen intervals, the distance separating the two well screens, and
the pumping rates of each well are key variables. Groundwater flow modeling is
generally used to determine these key variables. A model specifically designed to
simulate groundwater flow from HFTWs has been developed and field-tested by Dr.
Mark Goltz and colleagues at the AFIT. The details of the model are provided in several
recent publications and theses (Parr, 2002; Knarr, 2003; Chosa, 2004; Secody, 2007). The
thesis of Secody (2007), which utilizes the model to simulate data from this
demonstration, is provided as an appendix to this document (Appendix F).

The key design parameters for this demonstration were determined using the
AFIT model. Input data for the model included detailed results from slug and pump
conducted as pre-demonstration activities (see Section 3.4). In addition, complete cores
were collected from two locations at the site using rotosonic drilling. A geological
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evaluation of these cores was performed in order to evaluate the vertical stratification in
the aquifer and determine zones with the highest hydraulic conductivities (see Figures
3.18 and 3.19). The geological evaluation combined with pump test and slug test data
were used to determine the final placement of the screens in each treatment well, the
distance between the wells, and to design the monitoring well network. A detailed
description of the system components is provided in Section 3.5.1.

2.1.3 Biofouling Control

Microbial biofouling is a significant issue in many in situ bioremediation applications. In
a previous demonstration at Edwards AFB with HFTWs to evaluate aerobic degradation
of TCE, hydrogen peroxide was used to control fouling of well screens (McCarty et al.,
1998). However, because perchlorate reduction is an anoxic process, hydrogen peroxide
(which degrades to O;) cannot be used an anti-fouling agent in this project. As part of this
project, the University of New Mexico quantified biofouling mitigation options. Based on
this work as well as previous testing at the Aerojet site during other demonstrations
(Hatzinger et al., 2008; Chopra et al., 2004; 2005), chlorine dioxide was chosen as a
biocidal agent.

Several chlorine dioxide systems were evaluated, including systems supplied by
CDG Industries (creates chlorine dioxide from chlorine gas and acid), Pureline (creates
chlorine dioxide electrolytically), Bio-Cide International (creates chlorine dioxide by
mixing sodium chlorite and citric or phosphoric acid) and Proctor & Gamble (prototype
electrolytic system). The chlorine dioxide production system supplied by CDG Industries
has been used successfully by Aerojet to control biofouling in injection wells. However,
the CDG system requires chlorine gas, which is a hazardous material. Because of this
potential hazard, automation of the CDG system was deemed unacceptable by Aerojet
personnel; thus the gas would have to be manually injected. Automation is necessary for
the long-term technical and economic viability of this approach for biofouling control.
Thus, the CDG system was not considered further for this project. By contrast, the
chlorine dioxide systems developed by Pureline, Bio-Cide International, and Proctor and
Gamble (P&G) do not require chlorine gas (rather a non-hazardous sodium chlorite
solution is used as the precursor), and all are easily automated.

The Bio-Cide system was chosen for use in this demonstration based on low cost,
simplicity of operation, commercial availability, and absence of waste products requiring
disposal (the Pureline system produces a solution of 20% NaOH). The Bio-Cide system
produces chlorine dioxide as a stabilized solution by mixing aqueous sodium chlorite
(sold as “Oxine” solution) with small amounts of citric acid to produce CIO; in solution
(Bio-Cide International, 2009). Once activated (by mixing with acid), the chlorine
dioxide solution was applied to the HFTWs using metering pump. The quantities of
solution added and the timing of addition were varied during the demonstration in an
attempt to optimize biofouling control as detailed in Section 4.4.4.
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2.1.4 Treatment Well and Monitoring Well Design and Placement

A generalized overhead view of the demonstration plot is provided in Figure 2.3. This
version is not to scale. An overhead view of the plot to scale, and three cross-sectional
views are provided in Figures 3.24 — 3.27. Additional details concerning HFTW and
monitoring well construction and location are provided in Section 3.5.1.1 and 3.5.1.2.
The two HFTWs were placed ~ 34 ft apart cross-gradient to groundwater flow (see
Figure 2.3 for HFTW locations and Figure 2.4 for a photograph of the demonstration site).
A series of groundwater monitoring wells were installed to quantify levels of perchlorate
and geochemical conditions within and outside of the treatment zone. Many of these
wells were nested installations so that the geochemistry and contaminant concentrations
could be monitored throughout the vertical profile of the aquifer. The monitoring well
network consisted of a total of 19 wells. There were 3 pre-existing wells at the initiation
of this demonstration that were screened within the perchlorate-contaminated zone of the
aquifer (Aquifer B). These wells included a 6-inch-diameter pumping well (Well 4440),
a single 2-inch-diameter monitoring well (3519) and one well in a nested set of three 2-
inch-diameter monitoring wells (3514). The other wells in this nest (3515, 3516) were
screened below the contaminated zone. These wells were not routinely sampled. An
additional 16 wells were installed for the demonstration. Seven of these wells were
completed during site assessment for this project (to obtain detailed geological and
hydrogeological data). Well 3627, a single-completion 2-inch-diameter monitoring well
was installed during initial site assessment work in January, 2003. In addition, two triple-
completion wells/piezometers (3628 - 3630 and 3631 — 3633) were installed in August,
2003 using rotosonic drilling. Intact cores were obtained during these installations in
order to verify previous geological data from the location. Each of these triple-
completion wells included a single 1-inch-diameter piezometer screened at a shallow
depth, and two 2-inch-diameter monitoring wells.
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Figure 2.3. General Layout of Demonstration Plot. Distances between all monitoring
wells is not to scale. The HFTWs are placed 34 ft apart, cross-gradient to the general

direction of groundwater flow.
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Figure 2.4. Photograph of the Aerojet HFTW System Showing Location of HFTWs
and All Monitoring Wells.
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Nine additional wells were installed at 5 locations (4 nested pairs and a single well), as
shown in Figure 2.3 (NMW 1-5 and 7-10). These well locations were selected based on
model simulations (Appendix E) as described further in section 3.5.6.3. An additional
well (NMW-6) location was evaluated in early simulations, but based on model results,
this well was not installed. Details of monitoring well/piezometer installation are
provided in Section 3.4.6.3 and Appendix E. One of these locations, NMW 1-2, which is
approximately 60 ft upgradient of the HFTWSs, was designed to monitor concentrations of
perchlorate entering the Test Plot. The dual-completion well nest NMW 3-4 was placed
slightly upgradient of the HFTWs. This well is directly within the zone of influence of
the pumping wells. Single-completion well MW-5, a shallow side-gradient well, was
installed to evaluate the extent of influence of the HFTW system. The completions
NMW 6-7 and NMW 8-9 were each approximately 45 ft downgradient of each HFTW.
These wells were used to monitor contaminant degradation and changes in groundwater
geochemistry after the water and electron donor mixture had reacted for a period of
approximately 30 to 50 days (see Section 3.4.6.3 and Appendix E). Existing wells 3514
and 3627, which are located 70 ft downgradient of the HFTWSs, were used to monitor the
completion of the reaction process and recovery of various groundwater geochemical and
contaminant parameters such as dissolved iron and manganese within the formation after
two to three months of groundwater travel time. The details of well construction and
installation are provided in Sections 3.5.1.2 and 3.5.1.3.
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2.2 Previous Testing of the Technology

While this project constitutes the first field test of the HFTW technology for perchlorate
remediation, key components of the technology have been tested previously for
remediation of VOCs. The idea of using HFTWSs to mix chemicals into contaminated
groundwater to stimulate bioremediation by indigenous microorganisms was first
implemented to treat TCE-contaminated groundwater at Site 19, Edwards AFB (McCarty
et al., 1998; Gandhi et al., 2002a; 2002b). During the demonstration at Edwards AFB,
two dual-screened treatment wells were used to establish two bioactive zones, one in an
upper unconfined aquifer, and the other in a lower confined aquifer. Both aquifers were
contaminated with about 1,000 pg/L of TCE. TCE-contaminated groundwater
circulating through the treatment wells was amended with an electron donor (toluene) and
oxygen to stimulate aerobic cometabolic biodegradation of the TCE. Based on extensive
sampling, it was estimated that TCE concentrations in the groundwater were reduced
about 85% during a single pass through a bioactive zone of toluene/oxygen-amended
water. However, because of the recirculation of groundwater between the two wells,
overall TCE removals of 97 - 98% were achieved, when comparing contaminant
concentrations upgradient and downgradient of the treatment system. Biofouling at the
injection screens was successfully managed by adding hydrogen peroxide to the water
flowing through the treatment wells. However, the peroxide treatment did not completely
prevent fouling, and physical well redevelopment was required periodically to restore
pumping rates in each HFTW.

The study at Edwards AFB demonstrated the efficacy of HFTWs for obtaining
hydrologic control, while containing and destroying contaminants in groundwater without
the need to bring contaminated groundwater to the surface. By adjusting pumping rates
in each of the two treatment wells, and therefore controlling the extent of recirculation in
the treatment system, desired overall contaminant destruction efficiencies could be
achieved. The results of the Edwards AFB study, including details on the design,
modeling, and operation of the horizontal mixing treatment well system, have been
published (McCarty et al., 1998; Goltz et al., 1998; Gandhi et al., 2002a; 2002b). The
HFTW concept was further applied at Edwards AFB in two separate projects (SERDP
Project CU-1064 and ESTCP Project CU-0012). SERDP Project CU-1064, Bioenhanced
In-Well Vapor Stripping to Treat TCE, which was concluded in 2002, demonstrated the
efficacy of using HFTWs near a TCE source area (SERDP, 2003), while ESTCP Project
CU-0012, evaluated the utilization of HFTWs to effect abiotic destruction of a TCE
plume (ESTCP, 2007).

The concept of amending electron donor into perchlorate-contaminated
groundwater to effect in situ biodegradation has now been tested successfully at the field-
scale at several locations, primarily through funding from SERDP and ESTCP. A
summary of these projects is provided in Hatzinger, (2005), and detailed descriptions of

various remedial designs are given in Stroo and Ward, (2008). Active pumping systems
15



(in which groundwater is actively pumped to the surface and mixed with a soluble
electron donor) have been tested at the Indian Head Division Naval Warfare Center
(IHDI1V) in Indian Head, MD (Hatzinger et al., 2006), Aerojet in Rancho Cordova, CA,
just downgradient of this demonstration (Hatzinger et al., 2008; Geosyntec Consultants,
2002; Cox et al., 2001), the former Whittaker-Bermite Site in Santa Clarita, CA (Shaw
Environmental, Inc., 2009), the Longhorn Army Ammunition Plant, Karnack, TX (Krug
and Cox., 2008), and a few other locations (ITRC, 2008). None of these demonstrations
employed HFTWs to apply electron donor to groundwater, rather water was pumped to
the surface, amended with electron donor, then reinjected into the aquifer via one or more
reinjection wells. Summaries of recent demonstrations are provided in the subsequent
paragraphs. Additional details are given in the references provided for each
demonstration.

An early SERDP and US Navy-funded field demonstration of in situ perchlorate
treatment using soluble electron donor addition was completed at the Indian Head
Division, Naval Surface Warfare Center in Indian Head, MD (Cramer et al., 2003;
Hatzinger et al., 2006). An initial field investigation at the site revealed a shallow, narrow
plume of perchlorate contamination behind IHDIV Building 1419 (Hog-Out), with
perchlorate levels ranging from 8 to 430 mg/L, and nitrate varying from 4 to
approximately 50 mg/L. The pH of site groundwater was generally below 5.0. A field-
pilot demonstration employing a recirculation cell design was undertaken based on site
geochemical and hydrogeologic data. Two field plots (Test Plot and Control Plot) were
installed, each consisting of two extraction wells, two injection wells, and 9 groundwater
monitoring wells. In the Test Plot, groundwater was removed from the site, amended with
electron donor (lactate) and buffer (carbonate/bicarbonate mixture), and then reinjected
into the aquifer. In the Control Plot, groundwater was extracted and reinjected without
substrate or buffer amendment. During the 5-month study, approximately 20,000 gallons
of groundwater was re-circulated through each plot. Groundwater pH was elevated to
>6.0 in all Test Plot wells during the demonstration, and lactate was measured throughout
the Test Plot within 3 weeks of system operation. Perchlorate levels were reduced by
>95% in 8 of 9 monitoring wells within the Test Plot during the demonstration, with 5
wells reaching below 1 mg/L, and 2 below the 4 pg/L practical quantitation limit. Nitrate
levels were also been substantially reduced throughout the Test Plot, with 7 of 9 wells
showing nondetectable levels within 7 weeks. Conversely, there was no significant
increase in pH or reduction in either perchlorate or nitrate within the Control Plot. The
data from this demonstration indicate that in situ biostimulation using electron donor
addition is a viable remediation option for treating high levels of perchlorate in
groundwater. During the course of this field study, appreciable biofouling was not
observed in the injection wells. However, the study was of relatively short duration (111
days of pumping), and water (and electron donor) was pumped intermittently rather than
continuously. At the conclusion of the study, biomass was observed associated with the
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screens on both the injection and extraction well pumps. Thus, with a longer operating
time, biofouling may have become a significant issue.

A second project was completed by Geosyntec, Inc. at a perchlorate-contaminated
location downgradient of the HFTW demonstration system installed for the current study,
at the Aerojet Facility in Rancho Cordova, CA (Geosyntec Consultants, 2002). Details of
this demonstration are also provided as a case study in Hatzinger et al., 2008. In
summary, groundwater was extracted from the subsurface, amended with acetate or
ethanol as electron donors and then reinjected into the aquifer. Initial perchlorate
concentrations of 220 pg/L were reduced to below 4 ug/L within 25 to 75 ft of the
reinjection well. Biofouling of the reinjection wells, which was anticipated to be a
problem, was adequately controlled by chlorine dioxide injections. The results from the
Geosyntec project, including the application of chlorine dioxide gas for biofouling
control, were considered and applied where relevant during the design of this HFTW
evaluation. One of the key secondary groundwater effects observed during the previous
demonstration was the mobilization of appreciable quantities of iron and manganese in
the aquifer due to biological reduction of these metals to more soluble species (Geosyntec
Consultants, 2002). Based on these results, and a discussion with the Regional Water
Quality Control Board in Sacramento, one of the early objectives of our demonstration
(Phase | of testing) was to determine whether the mobilization of these two metals could
be reduced by limiting the quantity of electron donor added to the aquifer.

Thus, in summary, HFTWs have been previously implemented as an in situ
mixing technology for aerobic TCE treatment (McCarty et al., 1998; Gandhi et al.,
2002a; 2002b), and electron donor addition using groundwater extraction/reinjection
systems has been successfully applied to stimulate biodegradation of perchlorate by
indigenous microorganisms (Cramer et al., 2003; GeoSyntec, 2002; ITRC, 2008; Stroo
and Ward, 2008). This demonstration combines these two approaches. The desired
result is extensive in situ mixing of electron donor with groundwater, and subsequent in
situ biodegradation of perchlorate, without the need to extract the groundwater or
contaminant from the subsurface. In addition to perchlorate treatment, treatment of TCE
as a co-contaminant is evaluated, minimization of secondary groundwater impacts is
addressed, and biofouling control and mitigation strategies are tested.

2.3 Factors Affecting Cost and Performance

A technology model was recently developed at the Air Force Institute of Technology to
predict cost and performance for a number of HFTW technology configurations under
differing site conditions (Knarr, 2003). In this study, it was observed that engineering
variables such as HFTW treatment well pumping rate, distance between the paired
treatment wells, and electron donor injection schedule all impacted technology cost and
performance. Performance, defined as contaminant mass removal and attainment of
regulatory contaminant concentrations downgradient of the treatment system, was also a
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function of aquifer hydraulic conductivity, regional groundwater velocity, and initial
contaminant concentrations. Other issues affecting cost of the HFTW system include
biofouling and biofouling control measures. Section 5.0 of this report provides additional
details concerning the costs of this demonstration and the predicted cost of implementing
the HFTW system for full-scale treatment of perchlorate, as well as the variables
expected to impact system performance.

A cost analysis of the HFTW concept, which was accomplished in support of
SERDP  Project CU-1064, demonstrated that HFTWs are cheaper than
injection/extraction approaches to achieve mixing when the water table is deeper than
about 30 ft (as one of the main cost savings of HFTWs is due to the fact that
contaminated water need not be pumped to the ground surface) (SERDP, 2003). Results
of the recently completed project CU-1064 showed the costs (operating plus capital) of
an HFTW system used to remediate a trichloroethylene plume source area at Edwards
AFB were about $30 per 1000 gal, conservatively calculated by assuming only a single
year of system life. The cost per pound of TCE removed/destroyed was also very
conservatively calculated at $7200. These figures compare extremely well to
conventional pump-and-treat technologies.

2.4 Advantages and Limitations of the Technology

The main advantages of this in situ destruction technology are (1) decreased risk and cost,
as groundwater contaminants are destroyed below ground and not brought to the surface
for treatment and disposal, (2) increased acceptability to regulators, since there is no need
to reinject contaminated water or bring contaminant to the surface, and (3) small
aboveground footprint, which may be crucial at DoD installations, where space is
sometimes limited. As discussed above in Section 2.2, both of the main components of
the technology, (1) the use of HFTWs to effect mixing and amendment of electron donor,
and (2) the application of electron donor to stimulate indigenous microorganisms to
biodegrade perchlorate, have been successfully field tested.

One potential limitation with this and any in situ technology in which organic
substrate is added to an aquifer is that the donor addition will result in zones of reduced
groundwater that could potentially mobilize metals or promote sulfide production or
other changes in geochemistry that can impact groundwater quality. These issues
frequently occur with the addition of high quantities of slow release substrates, such as
vegetable oil, molasses, or polylactate ester (e.g., HRC) (see Section 1.1). During this
demonstration a single soluble substrate (citric acid) was metered and mixed with the
contaminated groundwater in order to minimize the consequences of high excess TOC
addition, such as sulfate reduction and methanogenesis, to the extent possible. During
Phase | and Phase Il operation, the electron donor was controlled at 1.5X — 4X the
calculated stoichiometric requirement for reduction of perchlorate, nitrate, and dissolved

oxygen in order to minimize secondary groundwater impacts, particularly mobilization of
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Fe and Mn, to the extent possible. In addition, with active mixing systems, the electron
donor can be decreased in concentration or changed completely if undesirable
geochemical endpoints are observed. This is not true for slow release substrates which
will persist in an aquifer for months or years after application.

A second potential concern/limitation with this technology is that microbial
fouling may have a significant impact on HFTW performance and long-term operational
cost. Because HFTWs have not previously been applied to promote contaminant
biodegradation under anaerobic conditions, the potential for biofouling during this
application is currently unknown. However, in a previous test of the system for aerobic
degradation of TCE at Edwards AFB, biofouling was a significant issue during the
demonstration. The HFTWs were initially redeveloped to reverse the impacts of fouling.
The problem was then controlled through the periodic addition of hydrogen peroxide to
the treatment wells. This technique was not applicable during this demonstration because
the peroxide produces oxygen, which increases electron donor demand, and can
subsequently inhibit perchlorate reduction if provided in high doses. However, as part of
this project, laboratory column studies were conducted at the University of New Mexico
to determine the following: (1) if specific electron donors promote less biofouling than
others (ethanol, citric acid, lactate, and acetate were evaluated); and (2) whether specific
biofouling control agents, including chlorine dioxide are likely to be effective for
controlling biofouling at the injection well screens. The details of these studies are
summarized in Section 3.4.4 and detailed further in Chopra et al., (2004 & 2005).

A third concern with the HFTW approach is short-circuiting of the pumped
groundwater, resulting in primary flow between the upper and lower screens in a single
HFTW rather than between the paired HFTW units. In the previous test of this
technology at Edwards AFB for aerobic cometabolism of TCE, a clay aquitard was
present between the upper and lower screen intervals of each individual HFTW, thus
limiting any possible short circuiting (McCarty et al., 1998). This project represents the
first demonstration in which a confining layer is not present between HFTW screens. A
thorough geological assessment of the aquifer, including collection of intact cores using
rotosonic drilling were used to size and place the treatment well screens in conductive
zones within the aquifer. Moreover, a detailed site model developed at AFIT was
implemented to estimate and minimize (based on distance between HFTWs and pumping
rates) short-circuiting of the pumped groundwater.
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3.0 Demonstration Design

3.1 Performance Objectives
The performance objectives for this project are listed in Table 3.1. These include (1)
consistent reduction in perchlorate concentrations in Phase | and Phase Il treatment, (2)
minimal mobilization of Fe and Mn in Phase | & Phase II; (3) greater than 165 ft (~ 50
M) of groundwater capture by the HFTW system; (4) control of biofouling; and (5)

reduction of TCE concentrations during Phase Il and/or Phase Il operation.

Actual

performance data are summarized in Table 3.1 and full details are provided in Section 4.

Table 3.1. Demonstration Performance Objectives.

Type of Primary Performance Criteria Expected Actual
Performance Performance Performance
Objective (metric)

Quantitative

Reduction of perchlorate levels in
HFTW treatment zone

Consistent reduction to
<4 pug/L ;> 99.8%

Reduction to
<100 ug/L; 96% in
shallow wells and 88%
in deep, downgradient
wells

Reduction of nitrate levels in HFTW
treatment zone

Consistent reduction to
<0.2mg/LasN

Consistent reduction
in shallow wells
during Phase I,

Inconsistent reduction

in deep wells

Reduction of trichloroethene levels
(TCE) in treatment zone in Phase 11
and/or Phase 111 of study using

biostimulation +/- bioaugmentation.

Reduction by > 95%

Reduction by 76% in
shallow wells and
71% in 4 deep
downgradient wells

Minimal mobilization of iron and
manganese. Reduction in background
levels within 100" of downgradient
influence of HFTW system

Minimal mobilization
and reduction in
background Fe and Mn
values in downgradient
monitoring well(s)

Minimal mobilization
of Fe and Mn during
Phase I; greater
mobilization in Phases
&Il

Qualitative

System reliability and ease of
operation

Continuous operation
with minimal downtime
and supervision

Significant biofouling
and O&M with Phase
I continuous flow
operation; less with
“active-passive”
operation (Phase I11)

Biofouling control using chlorine
dioxide injection

Ability to maintain
injection screen
pressures in operable
range

Chlorine dioxide
slowed but did not
prevent biofouling in
Phase I and II.
Significant pressure
increases observed
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3.2 Test Site Selection

Several field sites for the demonstration were evaluated during the first three months of
the project. These sites included the Jet Propulsion Laboratory (Pasadena, CA), two
locations at Edwards Air Force Base, (Edwards, CA), and two locations at the Aerojet
Corporation (Rancho Cordova, CA). Available contaminant and hydrogeological data
were reviewed for each site. The selection criteria for a field demonstration site included
the following: (1) depth to contamination >30 ft; (2) anisotropic aquifer (i.e., low vertical
compared to horizontal flow) with overall hydraulic conductivity >1 x 10 cm/s; (3)
perchlorate concentration >0.3 mg/L; and (4) aquifer pH >6.0. The initial two criteria are
defined by the optimal conditions for efficient and cost-effective operation of a horizontal
flow treatment well (HFTW) system. The second two criteria (perchlorate concentration
and pH) are microbiological considerations. To ensure that a perchlorate-reducing
population can be maintained and than reductions in concentration can be easily verified,
an initial perchlorate concentration of at least 0.3 mg/L is desired for the demonstration.
Laboratory studies have indicated that perchlorate reduction is inhibited at pH values less
than 5.7, therefore, an aquifer with neutral pH and reasonable alkalinity is also required
for the field site.

Based on a review of relevant site data, “Area D” at the Aerojet facility was
chosen for the demonstration. The details of the demonstration site are given in the
subsequent sections. A generalized map of the site showing the perchlorate and TCE
plume is provided in Figure 3.1. The two sites at Edwards AFB were not chosen for the
following reasons: (1) the first location, Site 285, was selected by site personnel for an
ion exchange demonstration in conjunction with Los Alamos National Laboratory, and
there was no way to adequately separate the two demonstrations; and (2) the perchlorate
concentrations at the second site were in the low part-per-billion range, which was
deemed too low for demonstration purposes (see previous paragraph). Data from the Jet
Propulsion Laboratory (JPL) were also reviewed. Although the site conditions at JPL
appeared to be generally appropriate for the demonstration, the depth to groundwater at
this site is generally greater than 200 ft below land surface (bls). Because of the depth,
combined with the urban location of the facility (and associated utilities, etc), drilling
costs for well installation were anticipated to be too high for the current project budget.

Data were obtained and reviewed from two locations at the Aerojet facility. The
first location is a plume emanating from Aerojet’s Hog Out facility. Perchlorate
contamination in this area is significant, with groundwater levels exceeding 50 mg/L in
one well. However, a large portion of the vadose and saturated zone to 80 ft bls was
hydro-mined for gold in the past, and now consists of dredge tailings rather than
undisturbed sediments. Because the efficiency of horizontal flow treatment wells depends,
in part, on preferential horizontal flow (i.e., anisotropic aquifer conditions), and the flow
characteristics in the dredge tailings are unknown, this site was removed from further
consideration as a demonstration site.
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The source of the Area D plume at Aerojet is a former propellant burn area known
as the “Central Disposal Area” (CDA). A description of the site geology and groundwater
geochemistry and contamination is provided in the following sections. However, in
general the geology beneath Area D consists of inter-bedded layers of sandstone, siltstone,
silty sand, sandy silt, and clayey silt. The depth to groundwater in this area is
approximately 30 ft bls, and this level had remained reasonably consistent (within 2 — 4
ft) during the 5 yr period preceding the demonstration. A clay confining layer at
approximately 110 ft bls separates an upper and a lower aquifer. There were several
existing monitoring wells within the chosen demonstration area from which historical
data were available. Perchlorate levels in Wells 3514, 3519, and 4440, each of which are
screened at different depths within the 70 — 100 ft region of the upper aquifer, ranged
from approximately 3100 to 3600 pg/L. In addition, TCE is present within these wells at
concentrations ranging from 400 to 2200 ug/L. The groundwater pH is neutral.

Figure 3.1. Location of the Test Site.
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3.3 Test Site History / Characteristics

The Test Site is located within Aerojet General Corporation’s (Aerojet) 8,500-acre
Sacramento, California facility used for rocket engine development, testing, and
production. Aerojet has been manufacturing and testing rocket propulsion systems at this
facility continuously since the year 1951 when the facility was first occupied. Both solid
rocket motors and liquid rocket engines are produced at this facility. The Standard
Industrial Classification (SIC) code for this facility has been replaced by the NAICS
(North American Industry Classification System) code. This code for Aerojet is as
follows: 336415 — Guided Missile and Space Vehicle Propulsion Unit and Propulsion
Unit Parts Manufacturing.

As mentioned previously, the Test Site area is located approximately 2400 ft
downgradient of CDA. A plume map with the Test Site Area demarcated is provided in
Figure 3.1. The CDA, specifically Site 42D, is the apparent source of the perchlorate and
VVOC (primarily trichloroethene) plume that underlies the Test Site. The CDA is an area
where, during the 1950’s, waste propellant and solvents were open burned for disposal
purposes. The mixed TCE-perchlorate groundwater plume that is thought to originate
from Site 42D is approximately 5,800 ft long and 3,000 ft wide and impacts multiple
fluvial aquifer units to depths of 300 ft over its course. The plume is intercepted and
treated approximately 3000 ft downgradient of the Test Site at Aerojet’s 1,000 GPM
Groundwater Extraction Treatment Facility D (GET D).

3.3.1 General Geology and Hydrogeology

The Aerojet Site is located in eastern Sacramento County near the transition zone
between the Great Valley and Sierra Nevada geomorphic provinces (Figure 3.2). The
geology of the Great Valley, as summarized by Hackel, (1966), can be described as a
large elongate northwest-trending asymmetric trough. This trough is filled with a very
thick sequence (up to 60,000 ft) of sediments of primarily marine origin ranging in age
from Jurassic to recent. The sediments that compose the eastern flank of the Great Valley
(where the Aerojet Site is situated) thin dramatically as they approach the foothills of the
Sierra Nevada and eventually thin out completely, exposing the underlying crystalline
basement rocks of pre-Tertiary age igneous and metamorphic rocks that make up the
Sierra Nevada Mountain Range.

The Aerojet Site is underlain by fluvial and marine sedimentary deposits ranging
in age from Cretaceous to Recent. These sedimentary deposits unconformably overlie
Jurassic-aged metamorphic basement rocks that dip to the west. These sediments form a
wedge, which thickens from east to west, across the Aerojet site. The easternmost
sediments at the Aerojet site are about 60 ft thick while at its western boundary, (a
distance of six miles) the sediments are nearly 2,000 ft thick. Table 3.2 presents the site
stratigraphy beginning from oldest to youngest geologic formations.
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Figure 3.2. Map Showing the Geomorphic Provinces of California and the
Location of the Aerojet General Corporation Facility.
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Table 3.2. Geology of the Aerojet Site.

Formation Name Age Thickness Characteristics
(fo)
Basement Rocks Jurassic unknown Primarily metamorphic dominated by slates and
meta-volcanic rocks.
Chico Formation encountered at —1,180 ft.
Chico Formation Cretaceous 200-400 ft Composed of marine sandstone and shale with
small amounts of saline water.
lone Formation Tertiary 100-400 ft lone Formation encountered at —830 ft.
middle Eocene Composed of marine or transitional quartz
sandstone and thick beds of clay.
Tertiary Valley Springs Formation encountered at —-530
Valley Springs Oligocene- 75-300 ft ft. Composed of volcaniclastic ash, tuff, quartz
Formation Miocene sand, pebble conglomerates and clay beds.
Generally low water yielding aquifer.
Mehrten encountered at —190 ft . Fluvial
Mehrten Formation Tertiary 200-400 ft volcaniclastic sediments composed of black
Miocene- sands, gravels and interbedded clays. This
Pliocene Formation contains the deepest fresh water
aquifer.
Tertiary Laguna Formation is encountered at surface.
Laguna Formation Pliocene- 100-200 ft Fluvial sediments derived mainly from silica-
Pleistocene rich granitic rocks. Composed of silica-rich
sands, gravels intermixed with clays and silts.
Most of the surface deposits of the Laguna have
been disturbed by dredging operations.
High yield aquifers are found in the Laguna.
Dredge Tailings are unconsolidated
Dredged Tailings and | Pleistocene to 0-100 ft heterogeneous mixture of sand, silt, clay and

Undifferentiated
Fluvial Deposits

Recent

gravels.

Undifferentiated Fluvial Deposits are
unconsolidated clay, silt, sand and gravel. May
contain discontinuous zones of perched
groundwater.
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The single most dominant surface features at the Aerojet facility are the dredge
tailings that cover approximately 80 percent of the land surface. The Aerojet facility and
surrounding areas have been subjected to historic gold dredging operations beginning in
the early 1900’s and continuing into the 1960°s. The fluvial gold-bearing sediments of
the Laguna Formation were the target for the dredges and areas within the site have been
dredged to depths of up to 100 ft (from ground surface). As a consequence of this
dredging the Aerojet site has become a significant groundwater recharge zone for the
underlying groundwater bearing zones.

The Laguna and Mehrten Formations contain the most productive aquifers
underlying the Aerojet site and serve as the principle source of water for private and
public water supply wells in the area. Six individual aquifer units (A through F) have
been defined beneath the Aerojet site with A being the shallowest (unconfined) and F
being the deepest.  The directional trend of groundwater flow generally mimics
topography. Groundwater flows in a westerly direction towards the center of the
Sacramento Valley due to a decrease in topographical elevation of several hundred ft.
The unconfined Aquifer A is present at a depth of about 50 ft at the eastern portion of the
Aerojet Facility and is found at a depth of 120 ft at Aerojet’s western boundary, a
distance of six miles. Hydraulic conductivities for the various aquifers range from 1 to
446 ft/day with an average of about 70 ft/day. Hydraulic gradients range from 0.005 ft/ft
to 0.02 ft/ft. Vertical hydraulic gradients tend to be downward at the Aerojet site.

3.3.2 Test Site Geology and Hydrogeology

The Test Site is situated over undredged sedimentary deposits of the Merhten Formation.
Ground surface elevation for the Test Site is approximately 160 ft above MSL. Soil
borings at the Test Site indicated that the underlying soil materials are composed
primarily of interbedded fine sands, silty sands and silt with occasional gravel lenses.
Some of the sands and silts display moderate induration and first groundwater is
encountered at a depth of 25 to 30 ft bls, with static groundwater at about 30 ft bls.
Groundwater flow is towards the southwest with a gradient of approximately 0.017 ft/ft.
With the installation of the two nested piezometers in June 2003, a total of eleven
groundwater wells are present at the Test Site. Nine of these wells are screened at
various intervals from 30 to 105 ft bls, where perchlorate contamination is present. These
nine wells will be used for groundwater monitoring during the demonstration. Table 3.3
summarizes perchlorate and VOC results from the existing monitoring wells prior to the
demonstration. The groundwater sample results obtained from two sets of nested wells
installed during the pre-demonstration site assessment activities (wells 3628 through
3633) indicate that perchlorate and VOC concentrations increase with depth. The
groundwater sample obtained from well 3631, screened between 36 and 41 ft bls in the
upper water bearing zone indicated a perchlorate concentration of 65 pg/L, while the
samples obtained from wells 3628 and 3632, each screened from 52-57 ft bls, contained
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perchlorate concentrations 330 and 155 pg/L, respectively. The samples obtained from
the lower water bearing zone (75 to 105 ft bls) contained perchlorate ranging from 970
ug/L up to 3,920 ug/L.

Table 3.3. Perchlorate and VOC Levels in Monitoring Wells in the
Demonstration Area.

Perchlorate

1
Well (ug/L) TCE (ung/L) Screen Interval (ft bls)

3628 330 47 52 - 57

3629 1,500 600 80 -85

3630 3,140 1,200 96 - 101

3631 65 14 36 -41

3632 155 78 52 - 57

3633 3,350 650 98 — 103

3627 970 1,200 75 -95

3519 2,320 1,700 78 — 103

3514 3,920 2,100 77-90

4440 3,300 2,200 75-93 and 98 — 106

! All data are from 2003 sampling except Well 4440 - 1995 data.

3.3.3 Present Operations

As mentioned in Section 3.3, the TCE and perchlorate plume that is present beneath the
Test Site extends approximately 3000 ft to the southwest where it is intercepted by GET
D. GET D currently extracts 1000 GPM of groundwater from 24 wells. Influent total
VOC and perchlorate concentrations are 300 and 230 ug/L respectively. VOCs are
treated with air strippers and perchlorate is removed with disposable ion exchange resins
(Figure 3.3). The treated water is re-injected via six groundwater injection wells located
4000 ft west of the GET D facility. GET D has been in almost continuous operation
since 1981 and has treated approximately 12 billion gallons of water (2003 data). The
implications associated with successful plume treatment via in situ HFTWs include
reducing the operating life of the GET D system components which will save money
related to various elements including power consumption, system operations and
maintenance, and resin replacement and disposal. These cost savings could prove to be
quite substantial.
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Figure 3.3. Current Remedial Operations at the Aerojet Facility GET D Area: (A)
Air-Stripper for VOC Removal and (B) lon-Exchange Vessels with Disposable Resin
for Perchlorate Removal.
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3.4 Pre-Demonstration Testing and Analysis

3.4.1 Monitoring Well Installation and Sample Collection

On January 28" 2003, a single borehole was advanced to 101’bls using an air rotary
casing hammer-drilling rig to collect soil samples for microcosm studies. Wet sediments
were first recorded at approximately 30’bls, which is consistent with previous data
concerning groundwater elevation in this region. Layered sediments varying from sandy
gravel (23-35’bls) to sandy silt (60-70’bls) to cemented sandstone/siltstone (70-93’bls)
were observed during drilling. These materials are consistent with alluvial deposits in this
region, and confirm that the location in Area D was not previously hydro-mined for gold.
During the drilling, a split-spoon sampler was used to collect sediments from 40-42°, 50-
52’, 60-62’, 80-82’, and 90-92’bls. The sediment samples were removed from the split-
spoon into glass jars, which were then placed at 4°C for shipping to Lawrenceville, NJ.
Following completion of the borehole, a two-inch diameter PVVC groundwater monitoring
well was constructed (MW 3627). The well was screened from 75-95’bls.

Groundwater samples were collected from the newly-installed well and from
previously-installed monitoring wells in the demonstration area (MW 3514 and MW
3519) for contaminant and geochemical analysis and for use in microcosm studies. The
groundwater collected from monitoring wells in the region had perchlorate levels ranging
from 1.0-3.9 mg/L, nitrate from 13.0-19.4 mg/L, and TCE ranging from 1.7-2.1 mg/L.
The pH of the site is neutral (6.8) and DO levels are in the 4-6 mg/L range. Thus, based
on contaminant concentrations, and site geology and geochemistry, this location was
determined to be suitable for the HFTW demonstration.

3.4.2 Aquifer Testing — 8-Hour Pump Test at Well 4440

A pump test (step draw-down) was performed in the demonstration area in February,
2003 to assess pumping levels achievable in the region and to estimate hydraulic
conductivity in the aquifer. Well 4440, which is an unused 6” pumping well located in
the center of the proposed demonstration plot, was redeveloped and used as the pumping
well for the test. Data loggers were placed in Wells 3627 (53 from pumping well), Well
3519 (12.7° from pumping well) and Well 3514-3516 (nested well 62° from pumping
well) to record groundwater elevation. Well 4440 was then pumped at rates of 20, 30, 40,
and 50 gpm, respectively, for 2 hrs each. The pump was then shut off and groundwater
recharge in each well was recorded. The pump test data were then simulated using
MODFLOW. Based on the test, it was estimated that pumping rates as high as 40-50
gpm are feasible with the HFTWSs without causing significant draw-down in the aquifer.
Much lower pumping rates (< 10 gpm) were used during the demonstration. Initial
fitting of the pump test data yielded a hydraulic conductivity estimate of 15 ft/day.
However, the data in one well could not be readily simulated using the model. A layered
model (with regions of differing conductivity) was subsequently tested based on the
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general characteristics of aquifer as inferred by the geological analysis of Well 3627. This
model provided a better fit to the pump test data (Figure 3.4) from each of the wells than
the initial model and gave a maximum K, value of 13.1 ft/day.

The site model which was constructed based on fitting MODFLOW draw-down
simulations to the pump test data was subsequently used to predict groundwater flow
induced by the proposed HFTWSs. In the model simulation, two HFTWs were screened at
depths of 73 — 95” (shallow screen) and 98" — 106” (deep screen). These areas are
anticipated to be zones of high conductivity based on the previous core analysis as well
as existing well log data from well 4440. Each zone was assumed to be isotropic with a k-
value of 13 ft/day. The 5° separation zone between the well screens was assumed to have
a k-value of 0.3 ft/day. These values were determined from the MODFLOW simulations
described above as well as interpretation of site lithography data. The capture zone of the
wells and the movement of water through the 4 well screens was then simulated as a
function of flow rate (10 — 50 gpm) and well spacing. Representative simulations are
given in Figures 3.5 and 3.6. At a flow rate of 30 gpm, and a well spacing of 34’, the flow
model predicted appreciable vertical flow (~ 20/30 gpm) between adjacent screens on
each individual well. Although some flow between screens of each individual treatment
well is acceptable (injection screen to extraction screen), it is desirable for the primary
flow within the demonstration system to be between screens on the adjacent wells in a
horizontal rather than a vertical direction. The ratio of vertical/horizontal flow decreased
with closer well spacing. However, the capture zone (i.e., amount of contaminated water
captured by the HFTW system) is also anticipated to decrease as wells become more
closely spaced. The most obvious reason for the vertical “short-circuiting” of flow
induced by the HFTWSs was the relatively small interval between the upper and lower
screen of each well as well as the conservative assumption that each zone in the model
was isotropic.

Based on the results of the initial modeling, it was determined that increasing the
vertical separation distance between the screens of each HFTW was desirable. However,
the geological and geochemical data on the upper portions of the aquifer were very
limited. Therefore, additional site characterization work was undertaken to fully evaluate
the lithology and contaminant concentrations within the upper portion of the aquifer. This
site assessment work included the following: (1) rotosonic drilling to > 100 ft at two
locations with complete core recovery and logging; (2) installation of nested piezometers
with three completions within the rotosonic boreholes in regions of high conductivity,
including particularly any shallow zones showing high conductivity; and (3) an additional
pump test and specific slug tests to better define hydraulic conditions within the aquifer.
The rotosonic drilling, core characterization and piezometer installation were completed
in June, 2003. This work is described in Section 3.4.5. The pump and slug tests were
completed in August 2003. These tests are described in Section 3.4.6.
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Figure 3.4. (A) Pump Test Results with Modeling Data; and (B) Model Assumptions
and HFTW Screen Placement.

w4440 0 ft

75 ft
93 ft
98 ft
106 ft

260 ft

kx=ky=kz=0.3 ft/day

|:| kx=ky=kz=13 ft/day
I cky=ke=01 fuday [ ]

31

kx=ky=kz=0.05 ft/day



Figure 3.5. Model Simulation of the Capture Zone of HFTWs.

HFTW Simulation — Upflow Well

30 gpm flow
34’ spacing

Screen Interval
top 75’-93’
bottom 98°-106’

¢ Zone

4

Regional Flow

32




Figure 3.6. (A) Simulated Fate of Water Injected through Upper Screen of the
Upflow Treatment Well (Well 1) at a 30 gpm Pumping Rate; and (B) Impact of Flow
Rate on Simulated Fate of Water.
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3.4.3 Biodegradation Microcosm Studies

Site-specific microcosm studies were conducted to evaluate the most effective electron
donors for biological reduction of perchlorate and nitrate in the Area D location. The
degradation of the TCE is also being evaluated in these studies (ongoing). Sediments
from the installation of well 3627 (from 40-42’, 50-52’, 60-62’, 80-82’, and 90-92’) were
homogenized and placed at 4°C. These sediments were combined in 160-ml serum bottles
with groundwater collected from Well 3519, then quadruplicate samples were amended
with 3mM of ethanol, citrate, or lactate as electron donors. Killed controls (one set
formaldehyde-treated and one set acid-treated) were prepared as were unamended live
controls. The bottles were filled so that no headspace remained. A positive pressure of
nitrogen gas was used to replace water during sample collection.

Nitrate levels in microcosms declined from approximately 16.8 mg/L (3.8 mg/L
as N) to below detection within 5 days in all microcosms receiving electron donors
(Figure 3.7). Perchlorate levels declined in the same samples to below detection after
approximately 15 days of incubation. Thus, both denitrifiers and perchlorate-reducing
strains are present in the demonstration area, and these strains can be stimulated to
degrade each contaminant to below detection. Interestingly, nitrate and perchlorate were
also consistently degraded in microcosms that did not receive an amendment of electron
donor (i.e., unamended controls), although not in the formaldehyde-killed controls. It is
likely that a natural electron donor is present in the site sediments (probably organic
matter), and that the bioavailability of this material was increased during sample
collection and homogenization. This “released” electron donor was then able to support
nitrate and perchlorate reduction.

In order to evaluate the ability of the added electron donors to support perchlorate
reduction, each set of microcosms was re-spiked with additional perchlorate to 5 mg/L.
Within 10 days, perchlorate levels in bottles with citrate, acetate, and lactate were below
detection. Perchlorate levels in bottles with no electron donor and those receiving
formaldehyde to inhibit microbial activity remained near 4-6 mg/L (Figure 3.8). Thus,
based on these results, any of the three electron donors tested are likely to support
perchlorate reduction at the test site.

After 88 days of incubation, there was no appreciable difference in TCE levels in
any of the active treatments (amended with electron donor) compared to the unamended
or killed controls (Figure 3.9). This was true, even though in bottles receiving lactate,
acetate was detected at the 60-day sampling point, suggesting that fermentation of lactate
was occurring (Figure 3.10). This process should generate hydrogen to support reductive
dechlorination. Similarly, acetate, formate, and propionate were detected in the citrate-
amended samples, suggesting that fermentation was also occurring in bottles treated with
this electron donor (Figure 3.11). This study was discontinued after 88 days.
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Figure 3.7. Effectiveness of Different Electron Donors for Stimulating Biological
Denitrification in Aquifer Samples from the Demonstration Area.
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Figure 3.8. Effectiveness of Different Electron Donors for Stimulating Biological
Perchlorate Reduction in Aquifer Samples from the Demonstration Area.
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Figure 3.9. TCE Levels in Electron Donor Amended Microcosms.
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Figure 3.10. Fatty Acid Levels in Lactate-Amended Microcosms.
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Figure 3.11. Fatty Acid Levels in Citrate-Amended Microcosms.
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An additional microcosm study was set-up in an anaerobic chamber (Coy
Environmental chamber with N, headspace) to look specifically at TCE degradation over
a longer period of time. In this study, 16 g of homogenized Aerojet sediment and 55 mL
of site water from Well 3519 was placed into 50-mL serum vials so that the bottles were
filled. The electron donor amendment, incubation, and sampling conditions were
otherwise as described previously. As with the previous study, although there was some
decline in TCE levels during the incubation time (due to sampling and increasing
headspace volume), degradation of TCE was not apparent after nearly 3 months of
incubation. Common daughter products of TCE dechlorination such as cis-DCE or VC
were not observed. The two microcosm studies suggest that anaerobic dechlorination in
demonstration site location is likely to be either minimal or very slow. As a result,
bioaugmentation of aquifer samples with dechlorespiring enrichment cultures was tested
in microcosm samples. Two separate cultures, one isolated from North Island Naval Air
Station in CA, and one isolated from Pinellas, FL, were tested for activity in the Aerojet
samples. Each of these cultures contains multiple bacterial species, and each consortium
is capable of degrading TCE all the way to ethene in liquid culture. The two cultures
were grown in mineral medium containing lactate as a carbon source and TCE as the sole
electron acceptor. After growth to ODsso of ~ 0.5, the cultures were centrifuged and
concentrated ten-fold to an ODsso 0f ~ 5.0. The two cultures were then added separately
to duplicate bottles from the previous study. To ensure that carbon was in excess, each
bottle also received 1 mM lactate as a carbon source and 0.025% yeast extract as a
vitamin source. Replicate bottles received the lactate and yeast extract only to ensure that
any TCE dechlorination could be attributed to the augmented cultures. After 5 days of
incubation, the TCE in each bottle was converted to cis-DCE. The cis-DCE slowly
declined during the next several weeks (data not shown). These data suggest that
bioaugmentation may be a viable strategy to reduce TCE concentrations in the
demonstration plot.

3.4.4 Column Studies — Biofouling Control and Choice of Substrate

In addition to biodegradation studies, small-scale column studies were conducted in the
laboratory of Dr. Eric Nuttall at the University of New Mexico (UNM) to simulate
aquifer biofouling. Dr. Nuttall and graduate students designed laboratory columns to
determine which electron donors promote the greatest extent of biofilm formation and to
assess chemical and enzymatic methods to remove biofilms from the aquifer materials in
the columns.

A schematic of the basic column system used to evaluate biofouling is shown in
the Figure 3.12. Borosilicate columns of 15 cm length x 2.54 cm ID were initially
packed with a washed sand (180 um average diameter). The inlet and outlet ports at the
end of each column were connected to a peristaltic pump and water reservoir using
Nalgene tubing. A syringe pump was used to supply electron donors and/or biofouling
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control and mitigation agents. A pressure sensor capable of measuring changes in the
range of 0-30” of water was used to quantify biofouling effects within the column (i.e.,
increases in pressure across the column caused by microbial growth in pore space). The
pressure sensor was interfaced with computer software to acquire the pressure readings
from the sensor every 30 min. and record the data continuously on an Excel spreadsheet.

Containers, tubing and columns were washed with 75% solution of ethanol for
sterilization. An artificial groundwater containing oxygen and nitrate as primary electron
acceptors was fed into the columns at a fixed rate of 55 mL/hr, and electron donor
solution was fed via the syringe pump at the rate of 1ml/hr. The electron donors tested to
assess biofouling potential were ethanol, sodium lactate, sodium acetate, and sodium
citrate. The quantities added were equalized on a stoichiometric basis. Pressure in the
columns were measured as a function of time. The pressure in columns receiving ethanol,
acetate, and lactate as electron donors each increased to > 30" of water within 5 d, which
is indicative of rapid biofilm growth and pore plugging (Figure 3.13). Scanning electron
micrographs (SEM) of the pure sand and the biofouled sand are provided in 3.14. The
growth of biomass on the sand grains, and the subsequent reduction in porosity, is
apparent in this SEM photo. In contrast to the columns with the three aforementioned
electron donors,, the column that received citrate, appeared to foul much more slowly,
reaching 30” of water only after nearly 13 days of operation. These data suggest that the
rate of biofouling/column plugging with citrate as an electron donor is less than with the
other substrates. Previous experiments showed that citrate is a suitable electron donor to
promote the biological reduction of perchlorate at the Aerojet site (Figure 3.8). Thus,
based on the reduced rate of biofouling, as well as the potential for citrate to act of a
chelator of metals in the vicinity of the injection well screens (which is why it was
initially selected as a potential electron donor), this fatty acid was chosen for use during
the HFTW demonstration. The citric acid form, rather than sodium citrate, was used to
reduce the quantity of sodium (and thus TDS) added to the aquifer, and to create acidic
conditions in the vicinity of the injection well screen, once again removing any
precipitated metals and potentially slowing the rate of biological growth. Additional
details on electron donor choices are provided in Hatzinger et al. (2008).

A second series of column studies were conducted to determine effective methods
to prevent and/or treat biofouling. In these experiments, a liquid chlorine dioxide
solution (Oxine) was applied to columns receiving ethanol as a substrate. The columns
received ethanol continuously, and then received either no Oxine (control) or 1 hr pulses
of Oxine a 10 mg/L concentration. The pulse of Oxine was applied at 55 mL/hr via the
syringe pump. The pressure across the column receiving ethanol only increased from ~ 2
to 30 of water in 6 days whereas the pressure in the column receiving the daily dose of
Oxine remained < 10 “ of water through this period, and showed no trend of increase
(Figure 3.15). The data suggested that periodic dosing with Oxine (chlorine dioxide)
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could be used as a preventative measure for biofouling. This approach was implemented
in the field.

The final experiments conducted at UNM evaluated the potential for commercial
enzymes to remove biomass, and reduce pressure drop, in the plugged sand columns.
These studies employed the enzyme Pectinex Ultra, a multi-component pectolytic
enzyme preparation produced by the fungus Aspergillus niger. The enzyme mixture
contains protease and a wide range of carbohydrases, including pectinase, arabanase,
cellulase, hemicellulase, beta-glucanase, and xylanase activities (Johansen et al, 1997).
These enzymes are capable of hydrolyzing components of biofilms, particularly
polysaccharides. Prior to addition of the enzymes, sand columns were fouled by treating
for approximately 2 weeks with citrate at ~ 700 mg/L. After the pressure across the
columns reached 30” of water, the substrate feed was discontinued for 10 h. The plugged
column was then pulsed with 4 ml of Pectinex Ultra™ dissolved in 9 ml of sample water
and held for 48 h. The pressure was observed for next 10 h by keeping the column
parameters in accordance with the values at time of plugging. In the untreated column,
pressure remained near 30" of water, whereas in the column treated with the mixed
enzyme solution, a pressure drop from > 30” to 8” of water was observed (Figure 3.16)
The data indicate that the enzyme solution successfully penetrated and removed the
biofilm, resulting in increased permeability of the sand column, and the resulting
decrease in pressure.

In summary, the results from UNM indicate the following: (1) among several
common organic electron donors citrate appears to promote the least rapid biofouling of
sand columns; (2) a liquid solution of chlorine dioxide (Oxine) applied in 1 h daily pulses
at 10 mg/L serves to appreciably reduce the potential for column fouling; and (3)
application of a mixed enzyme solution (Pectinex Ultra) can be used to remove
accumulated biomass from a sand column, resulting in increased permeability and
reduced pressure across the column. Each of these laboratory findings were utilized
during the field demonstration.
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Figure 3.12. Schematic of the Apparatus used to Quantify Pressure Increase across

a Sand Column.

1
L=15em =]
1D =250 cm BN R
Lot £ o]
=
" Vahe
" T 5 ; Tuhin
it :
Pressus Sensor Syringe Pump E
¥ valve —
| J O
Paristaltic Puvap i

Water

Figure 3.13. Pressure Increase Across Sand Columns Receiving Artificial
Groundwater Amended with One of Four Different Electron Donors.
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Figure 3.14. Environmental Scanning Electron Micrographs (SEM) of Sand
Particles (A) Before and (B) After Column Biofouling. The magnification was 130X
and the accelerating voltage was 20.0 KV.

Figure 3.15. Influence of 10 mg/L Chlorine Dioxide Solution (Oxine) on the

Pressure Increase across Sand Columns. The Oxine was pulsed into the column for 1
h per day.
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Figure 3.16. Influence of Pectinex Ultra Enzyme Treatment on Pressure in
Biofouled Sand Columns. The enzyme was added to the column influent and allowed to
soak statically for 10 h prior to reinitiating groundwater flow.
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3.4.5 Additional Site Assessment and Piezometer Installations
As previously noted in Section 3.4.2, additional site assessment work was performed
during June - August 2003. Two additional piezometer nests were installed in the vicinity
of well 4440. Each of these piezometer nests contains three discreetly screened intervals
to allow for monitoring of different aquifer zones. Rotary-vibratory drilling, also known
as rotosonic drilling, was used to advance soil borings, collect soil samples, and install
the piezometers (Figure 3.17). Rotosonic drilling is a dual cased drilling system, which
utilizes high frequency mechanical vibration to drill through unconsolidated soils and
bedrock. Using the specially designed hydraulically powered drill head, soil borings are
advanced through fracturing, shearing, and/or displacement. Soils can be continuously
sampled using a sonic core barrel. The core barrel is advanced ahead of the inner drill
rods and collects a representative soil sample (usually in five-ft sections). The core barrel
is removed and the soil sample is deposited into a plastic sleeve, stainless steel tray, or
wooden core box. The core barrel is much wider than traditional split-spoon sampling
tools, providing increased soil volumes. Adequate soil volumes allow field personnel to
more accurately depict the stratigraphy and lithology of the soil formations.

Field personnel characterized soil samples in two-foot intervals using the Unified
Soil Classification System (USCS). After the core barrel was removed and the soil
sample was collected, an 8-inch outer casing was advanced down the borehole to the
same depth. This sampling procedure and casing advancement was repeated until the
desired boring depth was reached (~ 101’ bls). The outer casing provides borehole
stability and ensures there is no contamination from uphole material by sealing it off prior
to each sample run. Once the desired borehole depth was reached, the inner drill rods and
core barrel were removed.

The nested piezometers were installed using two 2-in and one 1-in inside diameter
(1.D.) polyvinyl chloride (PVC) casings. The combination of casing diameters was
chosen to allow for maximum use and versatility of the piezometer nests during future
monitoring events while maintaining sufficient annulus to install a competent seal
between the discreetly screened intervals. The piezometers were completed with 5-ft long
0.020 slotted casing sections. The final screen completion depths were determined in the
field based on the lithology observed within the soil cores collected during borehole
advancement. In the first borehole, water-bearing zones containing sands and/or gravels
were observed from 27 — 36 ft, 50 — 57 ft, 81 — 85 ft, and 96 — 101 ft bls (Figure 3.18).
Based on this field observation, the piezometers in this well were screened from 52 — 57
ft, 80 — 85 ft, and 96 — 101 ft bls. The designation of the three wells in sonic borehole # 1
are 3628, 3629, and 3630 going from the shallow to the deep completion. The second
boring was performed to determine the continuity of the different layers observed in the
first sonic borehole as well as from historical well logs for the area. In the second
borehole, there was poor recovery of core material from 36 — 51 ft bls (Figure 3.19). This
usually signifies a good water-bearing zone with saturated, unconsolidated materials.
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This observation is reasonably consistent with the previous lithology in this region. As
with the previous borehole, saturated zones were again observed in the vicinity of 80 ft
bls and again from approximately 96 — 105 ft bls. Based on the lithography reported, the
piezometers in this boring were screened at 36 — 41 ft, 52 — 57 ft, and 98 — 103 ft bls.
The screen intervals chosen for both borings provide a good vertical representation of the
geochemistry within the B aquifer at the Demonstration Site. The designation of the three
wells in sonic borehole # 2 are 3631, 3632, and 3633 going from the shallow to the deep
completion.

The piezometer nests were completed by installing the screen and casing section
for the lowest screen interval first. Filter pack sand (#3) was used to fill the annular
space around the screen and 24” above and below the screen. Bentonite chips were then
added via gravity to 24” below the next screen interval. The filter pack sand was then
applied again from 24” below to 24” above the middle screen. The process was repeated
until all three screened intervals had been installed. Upon completion of the filter pack
sand associated with the upper most screen interval the annulus was filled with bentonite
to within 24 inches of the ground surface. Above that, a concrete grout was poured.
Depths were measured using a weighted tape measure once the outer casing was
withdrawn past the area of interest. Each of the piezometer casings was extended to
approximately 24 to 30 inches above grade. A 6-ft long, 10-in ID protective steel casing
with a removable locking cap was installed over each piezometer nest. Casing tags were
sealed to the outside of each piezometer casing to provide well identification during
future sampling events.
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Figure 3.17. Rotosonic Drilling at the Demonstration Site.
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Figure 3.18. Lithography of Sediment Core from Borehole #1.
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Figure 3.19. Lithography of Sediment Core from Borehole #2.
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3.4.6 Additional Pre-Demonstration Activities

3.4.6.1 Groundwater Sample Collection

Groundwater samples were collected from the newly installed piezometers in July 2003
after the development of each well. Collected samples were analyzed for the following
geochemical and contaminant parameters: perchlorate, nitrate, sulfate, and volatile
organic compounds (VOCs). The levels of perchlorate and TCE (the primary VOC at the
site) for all wells within the demonstration area prior to completion of the demonstration
monitoring well network are presented in Table 3.3. The sample collection techniques
used during this sampling event are described in Section 3.5.7. These baseline samples
better establish the vertical distribution of perchlorate and co-contaminants in the
demonstration area and aid in the selection of proper screen intervals for the HFTWs.

3.4.6.2 Aquifer Pump and Slug Testing

Additional aquifer testing was performed to better define the horizontal and vertical
hydraulic conductivity of the saturated intervals encountered between 25 and 105 ft bls
and the degree of hydraulic separation between these intervals. Well 4440 was used for
the pump testing. The stepped pumping method described in Section 3.5.2 was repeated
during this test. Draw-down measurements were obtained using electronic data-loggers
(trolls) from newly installed wells 3629, 3630, 3632, 3633, and historical wells 3514,
3627, and 3519 during the pump test. Measurements were made by hand using water
level meters for the 1” piezometers (Wells 3628 and 3631). Slug testing was also
performed on the newly installed 2-inch ID wells. The rate of water level decrease or
increase was measured for both falling head and rising head tests, respectively. The rate
of water level decrease or increase was measured using a pressure transducer and an
electronic data-logger. Prior to placing any equipment in the piezometers, the initial
water level was measured relative to the top of the piezometer casing, and the transducer
was placed in the piezometer within the screened section or at a level that is within the
pressure range of the transducer. The transducer was secured such that the slug could be
added without allowing the transducer depth to change. After placement of the
transducer, the water level in the well was allowed to equilibrate and the slug was placed
and secured in the well casing above the water level. Once the water level was stable,
slug testing was conducted.

To conduct the falling head test, the slug was instantaneously lowered into the
water and the data-logger was activated to begin recording. Data were collected until the
water level recovered at least 80% of the rise in water level caused by the slug. The data-
logger was then set to begin recording the data for the rising head test. To conduct the
rising head test, the slug was instantaneously removed from the water and the data-logger
was activated. This test was performed until the water level recovered to the initial water
level or until at least 80% of the fall in water level was recovered. After all of the tests
were complete, the data were transferred electronically to a computer for formatting and
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analysis. The data were then analyzed by the Bouwer and Rice slug test solution using
commercially available computer software. The slug test data obtained from this
additional aquifer testing were utilized to refine the flow model and establish the final
screen intervals and well spacings for the HFTWs (as described in Section 3.4.6.3).

3.4.6.3 Modeling Support for Final System Design

Based on the geologic and contaminant results, as well as slug and pump test results,
several system configurations were considered and simulated using flow and transport
models. All simulations focused on establishing horizontal flow and electron donor
addition within the saturated deposits between 46 and 105 ft bls, which correlates to the
areas with higher perchlorate concentrations. The initial process involved developing a
conceptual geologic layering pattern. Using results from the pump test, flow modeling
(using MODFLOW) and optimization techniques were used to estimate layer hydraulic
conductivities that provided a best fit of model-simulated draw-downs to measured draw-
down data. Initially, a 14-layer site model was developed. Based on initial simulations,
this model was subsequently modified to a 15-layer, 4-zone model. Layer depths and
conductivities for the 15-layer site model are shown in Figure 3.20. Using calibrated
conductivities, the model was successfully validated by comparing model-simulated and
measured draw-downs at a monitoring well (Well 3633) that was not used for calibration.
Figure 3.21 shows the goodness of fit of the model simulation to the draw-down data at
Well 3633.

After completing the model calibration and validation, the multi-layer flow model
was used to simulate the flow regime created by the pair of HFTWs. Early simulations
focused on establishing the horizontal flow cells entirely within the lower water-bearing
zone (75 to 105 ft bls). However, due to the potential for vertical short-circuiting between
the upper and lower screens within the HFTWSs, this design was abandoned. A revised
design involving the use of the lower portion of the upper water-bearing zone (~ 46 to 61
ft bls) for the upper HFTW screens coupled with the entire lower water bearing zone for
the lower screens (~ 80 — 100 ft bls) was subsequently selected for evaluation. The 15-
layer, 4-zone site model was used to represent geologic and hydrogeologic conditions
observed within the study area and to simulate groundwater flow between the HFTWs.

As previously noted, model simulations were performed assuming screen
intervals for the HFTWs of 46 to 61 ft bls (shallow screen) and 80 to 100 ft bls (deep
screen). Several model simulations were run to assess the impact of varying the spacing
between the HFTWs and the pumping rate on the interflow ratios (i.e. short-circuiting of
water between screens of the same HFTW). As shown on the interflow versus distance
graphs, increasing the spacing between HFTWSs results in a decrease in horizontal flow,
an increase in farfield flow, and has very little impact on vertical short-circuiting (Figure
3.22). The interflow versus pumping rate comparisons indicate that increasing the
pumping rate above 10 gpm has only marginal impact on the flow ratios (Figure 3.23).
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Additional details concerning the modeled flow for the system are given in Section 3.6.3
(Rate of Treatment/Expected System Performance Analysis). Draw-down observations in
model cells near the downflow HFTW indicated the potential for dewatering within layer
3 from 49.5 to 57 ft. Based on the observed draw-down and flow ratios associated with
different spacing and pumping scenarios, a spacing of 34 ft (10 meters) and an initial
pumping rate of 10 gallons per minute (gpm) (37.85 liters per minute) were selected.
These design parameters also result in substantial capture of contaminated water from
upgradient. Based on the streamline and tracer results obtained for each model layer,
plume capture and treatment widths of approximately 175 ft and 120 to 145 ft have been
predicted for the layers within the upper and lower treatment zones, respectively.
Streamlines showing expected capture zones for each well within each of the 15 layers of
the site model are provided in Appendix E. Bromide tracer simulations, which are
described in the next section, are also provided in Appendix E. An additional discussion
of groundwater capture and treatment is provided in Section 3.5.3.
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Figure 3.20. Conceptual Model of Demonstration Site Aquifer Based

on Rotosonic Logs and Pump Tests.
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Figure 3.21. Goodness of Fit of the MODFLOW Simulation to the Pump Test
Drawdown Data at Well 3633.
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Figure 3.22. Model Simulation of Interflow vs. Spacing between the Paired HFTWs
Pumping at 10 gpm.
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Figure 3.23. Model Simulation of Interflow vs. Pumping Rate with the Paired
HFTWs Spaced at 34 ft.
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3.5 Testing and Evaluation Plan
3.5.1 Demonstration Installation and Start-Up

3.5.1.1 Final Location of HFTWs and Additional Wells

The flow and tracer transport model was used to establish the final layout of the two
HFTWSs and nine additional monitor wells in the demonstration site area. Figure 3.24
provides a generalized plan view of the wells and Figures 3.25 — 3.27 provide cross-
sections demarcating well screen intervals and interpreted geologic units. As shown on
Figure 3.24, the HFTWs were located approximately 15 ft upgradient of the existing
monitor wells 3519, 4440 (originally installed as an extraction well), and nested monitor
wells 3631-3633. The installation details of the HFTWs and the additional monitoring
wells are provided in the following section (3.5.1.2). Two sets of monitor wells (NMW-
1&2 and NMW-3&4 on Figure 3.24) were installed upgradient of the HFTWs, and each
include nested completions (dual 2-inch-diameter wells) with screen intervals transecting
the upper and lower treatment zones (46 — 61 ft bls and 80 — 100 ft bls, respectively).
The NMW-1&2 nest is located approximately 60 ft upgradient of the HFTWs, to provide
continuous monitoring of the groundwater chemistry in both the upper and lower aquifer
layers before it enters the treatment zone.

The NMW-3&4 nest is located approximately 10 ft upgradient of the HFTWs, to
allow for monitoring of the changes in groundwater chemistry and the early stages of the
biodegradation process as the natural groundwater flow begins to mix with the electron
donor enriched water re-circulating between the HFTWs. Two monitor well locations
(NMW-7&8 and NMW-9&10) were placed approximately 45 ft downgradient of each
HFTW, and each completion was a nested well consisting of a pair of 2-inch-diameter
monitoring wells screened from 46 — 61 ft bls and 80 — 100 ft bls, respectively. These
locations were chosen to monitor the reaction process and changes in groundwater
geochemistry after the water and electron donor mixture have been reacting for a period
of approximately 20 to 60 days based on tracer breakthrough curves obtained from model
simulations (Appendix E). These simulations are based on a continuous injection of a
mass of 1 kg/day of bromide in the upper screens of the upflow HFTW (HFTW-U on
Figure 3.24) and continuous injection of 1 kg/day of chloride into the lower screen of the
downflow HFTW (HFTW-D on Figure 3.24).

One individual shallow monitoring well (MW-5; 46 — 61 ft bls) was placed
downgradient and ~60 ft side gradient of the upflow HFTW. This location will be used
to assess the actual width of the treatment zone within the upper layer as predicted by the
flow and transport model. The existing nine monitor wells found at the original six
drilling locations in the demonstration area will be within 15 and 70 ft downgradient of
the proposed HFTWSs. With the exception of well 3631, screened between 36 and 41 ft
bls, each of these wells is screened in either the upper or lower treatment zone layers.
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Existing wells 3514 and 3627, which are located 70 ft downgradient of the
HFTWs and screened from 77 to 90 ft and 75 to 95 ft bls, respectively, allow for
monitoring of the completion of the reaction process and recovery of various
groundwater geochemical and contaminant parameters such as dissolved iron and
manganese within the formation after two to three months of groundwater travel time.
Figures 3.25 — 3.27 provide cross-sections depicting the interpreted geologic units (as
used in the flow model simulations) and the basic well construction details. The graphic
logs and well completion details for the existing borings/wells intersected by these cross-
sections have also been included on these figures. Variations in layer depths and
thicknesses can be seen when comparing the graphic logs to the geologic layer
interpretations used for the model simulations.
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Figure 3.24. Plan View of Wells in Test Plot.
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Figure 3.25. Cross-Sectional View (A-A’) of Test Plot Wells Detailing Screen

Intervals and Interpreted Geologic Units.
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Figure 3.26. Cross-Sectional View (B-B’) of Test Plot Wells Detailing Screen

Intervals and Interpreted Geologic Units.
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Figure 3.27. Cross-Sectional View (C-C’) of Test Plot Wells Detailing Screen

Intervals and Interpreted Geologic Units.
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3.5.1.2 HFTW and Monitoring Well Installation

A California licensed driller (WDC Exploration and Wells, Woodlawn, CA) was
contracted to install the HFTWs and remaining monitoring wells. All necessary
permits were obtained prior to well installation and development. During
installation, representative soil samples were collected for visual classification in
order to verify the geologic data collected during previous investigative work at the
site.

For the two HFTW completions, a dual-drilling technique was implemented.
A rotosonic rig was initially used to drill down to ~ 100 ft bgs and to collect intact
cores for geological assessment. The cores were characterized to ensure
consistency with previous investigative work. The rotosonic pilot hole (~ 8 in) was
then over-drilled and enlarged to 13-in diameter using an air-rotary casing hammer
drilling method. Each well was then completed with 8-in 1.D. PVC well casing and
slotted screen sections (0.020 factory slot). Each HFTW had dual screen intervals.
A 20 ft section of screen was installed at 80 — 100 ft bls and a 15 ft section was
installed at 46 — 61 ft bls. The annular space was filled with a sequence of sand
pack and bentonite seal. The sand pack consisted of coarse sand (#3) installed
across each screened interval. A 12-in thick layer of fine sand (#30) was installed
above and below the coarse sand pack. An additional 12-in thick layer of very fine
sand (#60) was installed above and below the #30 sand (i.e., sand layers below the
well screen consisted of 12 in of #60 sand, then 12 in of #30 sand, then #3 sand in
the region of the screen). A mixture of bentonite chips and #30 sand was tremied
into place to seal the annular space between the sand pack for the lower and upper
screened sections for each HFTW. This material was also placed above the upper
screen sand to within 24-in bls. Above that material, a concrete grout was poured.
The casings for the HFTWs were extended to approximately 24-in above grade and
were not covered with a protective casing to permit easy access to the wells during
the system installation and operating period. The HFTWs were thoroughly
developed by pumping at high flow rates in order to remove all fines prior to start-
up. This development phase was critical to avoid clogging during water reinjection.
All development water was collected in a Baker Tank, then treated for perchlorate
by Aerojet using an existing biological treatment plant (passing through fluidized
bed bioreactor system).

The remaining monitoring wells were constructed using 2-in inside diameter
(1.D.) polyvinyl chloride (PVC) well casings and screens. The screens were 0.020
factory slotted. The basic installation protocol was as described in Section 3.4.5. In
short, filter pack sand (#3) was used to fill the annular space around the screen in
each well and 24-in above and below the screen. Bentonite chips were then added
via gravity to 24-in below the upper screen interval (for nested completions). The
filter pack sand as then be applied again from 24-in below to 24-in above the upper
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screen. The annulus above the upper screen filter pack was then filled with
bentonite to within 24-in of the ground surface. Above that, a concrete grout was
poured. Depths of all fill materials were confirmed using a weighted tape measure
once the outer casing was withdrawn past the area of interest. Each of the well
casings was extended to approximately 24 to 30-in above grade.

After development, all monitoring wells were fitted with dedicated Waterra
Inertial Pumps (Waterra USA Inc., Bellingham. WA). Each Waterra pump consists
of dedicated tubing and a weighted one-way foot valve. The foot valves were
lowered to the mid-screen level in each monitoring well. During sample collection,
an electric jack pump was connected to the tubing in each well. The pump
effectively moves the tubing up and down within the well such that the foot valve
opens when the tubing is lowered and closes when the tubing is pushed downward.
This action results in a slow, continuous flow of groundwater through the tubing.
The technique is well suited to low-flow sampling, and was approved by the
Regional Water Quality Control Board in Sacramento prior to use for the
demonstration. This technology was recommended by personnel at Aerojet based
on past field experience with the equipment.

3.5.1.3 System Design and Installation
A P&ID diagram showing the design of the two treatment wells and the associated
equipment is provided in Figure 3.28. Submersible variable-speed pumps were
used to extract the contaminated groundwater from the aquifer through the well
screens (P-107 & P-110). These pumps had a 30 GPM maximum flow at 125 ft of
hydraulic head. In the upflow treatment well, the groundwater was extracted from
the lower screen, passed through a custom packer, amended with electron donor
and/or biofouling control agent, and then released near the top screen of the HFTW.
The supply piping was bent at an 180° angle to push water downward upon release,
and to enhance mixing of water with amendments. In the downflow well, the
process was reversed. Citric acid was added as an electron donor to each well from
a tank at the surface. The citric acid (50% solution (w/v) which equates to a 609 g
citric acid/L) was injected directly into the re-circulation water piping (prior to the
piping bend) within the well to blend the chemicals into the extracted groundwater.
A metering pump was used to supply citric acid to each well from the
surface (P-103 A/B in Figure 3.28). Each HFTW was also fitted with two sampling
pumps, one in the vicinity of each well screen (P-108/P-109 for HFTW-U and, P-
111/P-112 for HFTW-D) and two pressure transducers to measure the hydraulic
head near each screen (PT-101/PT-102 for HFTW-U and PT-103/PT-104 for
HFTW-D). In-line flow meters were used to measure instantaneous and cumulative
flow within the piping of each well (note that no water is pumped to the surface so
all equipment is within each HFTW).
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A custom inflatable packer was used in each HFTW to prevent ejected
groundwater flow from circulating back to the influent screen (See Figures 2.1 &
2.2). An annular bentonite seal was placed at the location of each packer during
well construction to prevent any flow around the packer (i.e., leakage in the annular
space of the well). The treatment system was operated through a Supervisory
Control and Data Acquisition system (SCADA) designed by Calcon Systems, San
Ramon, CA. The SCADA, which was operated through a desktop computer at the
site, allowed remote monitoring and control of the system through a MODEM
connection. Control features included remote system start-up and shut-down,
control of groundwater pumping rates in each well, and control of dosage rates and
timing for all amendments. The system could also be operated manually onsite.
Parameters measured during system operation included metering pump run times,
recirculation pump cycles and flow rates, changes in hydrostatic pressure within the
upper and lower screened intervals of each HFTW, and fluid levels within the liquid
amendment storage vessels.

A utility trailer provided by Aerojet was located near the HFTWs. The
trailer was used to house the programmable logic control (PLC) panel, 3-
phase/240V/200 Amp power service, and phone line. The PLC and phone line
allowed for remote monitoring and control of the system operating conditions.
Electrical conduits were run from the main power supply to each HFTW. As
previously noted, a solution of 50% citric acid (wt/vol; equivalent to 609 g/L citric
acid) was used as the electron donor and also as an activator for the chlorine dioxide
system. The citric acid was delivered premixed in a small tank truck and was
placed in a 1,000-gal storage tank placed next to the Conex box. A metering pump
was placed on top of the storage tank, and a line and foot valve was run to the
bottom of the tank, to supply citric acid to each of the HFTWSs. The storage tank
was equipped with secondary containment.

A liquid chlorine dioxide solution was used a biofouling control agent (see
Section 2.1.3). The chlorine dioxide was produced as a stabilized solution by
mixing aqueous sodium chlorite (sold as “Oxine” solution) with small amounts of
citric acid to produce a solution containing ~ 2% CIO, (Bio-Cide International,
Norman, OK). The “Bio-Cide AANE” CLO; generation system was installed in a
chemical cabinet placed next to the utility trailer used to house the system computer
and equipment. The AANE system utilizes water pressure (rather than an electric
pump) to mix appropriate amounts of Oxine system and citric acid in a 5-gallon
holding tank (Figure 3.29). A secondary metering pump was then utilized to supply
the appropriate volume of the active solution (i.e., liquid with CIO;) to each of the
HFTWSs. The quantities of solution added and the timing of addition could be
varied using the programmable logic control system (PLC).
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Figure 3.28 Piping and Instrumentation Diagram (P&ID) of the HFTW System.

'BY QUTSIDE VENDOR AS PREPACKAGED UNIT

as |
T
Awr omam)

T-105

JEes 18

Q@ L

-
== DE/oi-25-04

64



Figure 3.29. (A) Photograph of Bio-Cide AANE System and (B) Generalized
Layout of AANE System with Acid Activator and Oxine Drums.
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3.5.1.4 System Testing and Tracer Test Design

Once installed, the HFTW system was tested to insure proper operation of pumps
and controls. During this process, steps were taken to simulate various operating
and alarm conditions and all equipment and sensors were checked for proper
calibration. The communication between the PLC and the various pieces of
equipment and sensors were monitored to insure that all data was being
communicated and logged accurately. Additionally, brief testing of the electron
donor injection system was performed.

Initial operation of the upflow and downflow HFTWSs was initiated on
August 12, 2004. The pumps were initially started at a flow rate of 7 gpm each and
continued to operate at these flow rates until August 30, 2004. Water levels were
measured in several centerline wells screened within the upper and lower aquifer
zones following approximately three hours of pumping. These measurements were
compared to baseline levels collected on August 11, 2004. Based on these head
responses, it was determined that some vertical leakage was occurring in the
vicinity of the downflow HFTW (i.e., water moving from the upper to the lower
screen). A similar condition was experienced during a previous demonstration of
HFTW’s at Edwards Air Force Base (Mark Goltz, pers. comm.). After running a
series of tests to determine that the packer within the HFTW was fully inflated and
free of obstructions, it was determined that the most likely source of leakage was
the filter pack external to the well. The flow model developed by the Air Force
Institute of Technology (AFIT) was used in conjunction with the hydraulic data to
estimate the amount of vertical leakage. Based on the model scenarios, the flow
within the two HFTWs was adjusted to account for the leakage. The target flow
rates were initially established as 11 gpm and 7 gpm for the downflow and upflow
HFTWs, respectively. This initial adjustment improved the system flow balance
based on the reduction in the observed drawdown or mounding within the centerline
wells. However, due to excessive drawdown in the upper region of the downflow
HFTW, the pumping rates were decreased slightly to 9.3 and 6 gpm in the
downflow and upflow HFTWs, respectively. This modification reduced the
observed drawdown while providing a good flow balance between the two HFTWs.
The wells were subsequently run for 6 weeks at these flow rates to allow mixing
and the establishment of stable baseline conditions within the demonstration area
prior to commencing electron donor addition. Tracer testing was also performed
during this period (see next section).

As part of this initial task, a tracer test was performed in the test plot area to
evaluate/verify local hydrogeologic characteristics, including seepage velocities,
vertical distribution of groundwater flow, and dispersivity. The tracer test
employed both bromide and chloride as conservative tracers. Separate solutions of
sodium bromide (~ 20 g/L as bromide ion) and sodium chloride (~ 80 g/L as
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chloride ion) were prepared in Neptune tanks supplied by Aerojet. The injection of
the two tracer solutions was initiated on August 24, 2004. Chloride solution was
injected into the downflow HFTW and bromide solution was injected into the
upflow HFTW. Approximately 100 gallons of each solution was injected during a
30-day period in daily pulses in order to achieve the target dosing rate of
approximately 1 kg chloride per day and 250 mg bromide per day (this value was
reduced from 1 kg per day in order to minimize the quantity of bromide added to
the aquifer to the extent possible). The injection of the tracer solutions was
completed on September 28, 2004. During the tracer tests, a limited number of
wells near the HFTWSs were sampled several times during the first week. After that,
all 19 monitoring wells were sampled at weekly intervals for bromide, chloride,
nitrate, and perchlorate. During two of these events, VOCs, iron and manganese,
and baseline fatty acid analysis was also performed. A field meter was used during
each event to measure the conductivity, pH, dissolved oxygen, and redox in each
well.

3.5.2 Period of Operation
The HFTW system was operated for slightly more than 2 years from September,
2004 (beginning with the 6-week tracer test) until December, 2006. The three
phases of system operation are provided on a Gantt Chart in Table 3.4. Phase | of
system operation occurred from 10/28/2004 until 8/01/2005 (~ 275 days). The
objectives of Phase | were as follows: (1) to evaluate the overall performance of the
HFTW system as a mixing and capture system; (2) to determine whether
perchlorate reduction was possible without mobilizing significant quantities of iron
and manganese as secondary groundwater contaminants; and (3) to evaluate
biofouling control and treatment strategies. The evaluation of perchlorate treatment
at moderate electron donor dosing is important for assessment of the influence of in
situ remediation on water quality in drinking water aquifer. During the initial phase
of operation, the HFTW system was run in a continuous pumping mode at a net
flow rate of 6 gpm in each treatment well. The actual pumping rate in the
downflow HFTW was set at 9.3 gpm to account for leakage in the filter pack. This
setting achieved the desired net flow based on water table elevations in nearby
monitoring wells. Electron donor addition was initiated on 10/28/2004 after tracer
testing was complete.

The HFTW was operated with a moderate excess of electron donor in Phase
I to evaluate levels of perchlorate bioreduction that were possible without major
impacts to groundwater geochemistry. The electron donor dosage was initially set
at 1.25X the stoichiometric requirement based on average levels of oxygen, nitrate,
and perchlorate entering the plot. The quantity of electron donor required for
complete biological destruction of these electron acceptors was calculated to be 23
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mg/L (i.e., 1 X stoichiometry). The equations and assumptions are provided in
Section 4.4.1.7. Initially, an electron donor dosage of 1.5 L of 50% (wt/vol) citric
acid (609 g/L citric acid) was added to both the upflow and the downflow HFTW as
a daily pulse to achieve the desired 1.25X stoichiometric dosage of citric acid (~ 29
mg/L). Based on initial monitoring well data, the citric acid quantity was increased
to 2.5X stoichiometry on 12/04/2004 (i.e., 3.0 L/well/day or 58 mg/L). The dosing
in the downflow HFTW was increased further to 4X stoichiometry on 2/11/2005
(i.e., 6 L/HFTW-D/day or 115 mg/L). The system was shut down on April 24,
2005 due to biofouling of the upflow well. The system was operated intermittently
from this time until the end of Phase | (8/01/2005; 275 Days) while various
biofouling treatment strategies were tested (See Section 3.5.3).  Thirteen
groundwater sampling events were performed during the 9 months of Phase |
operation (10/28/2004 — 8/01/2005).

No electron donor injections were conducted from the end of Phase | until
the beginning of Phase Il operation. The initial phase of this period was used to
evaluate biofouling treatment approaches for the HFTWs (enzyme treatment, citric
acid treatment, and physical rehabilitation). At the conclusion of these tests, each
of the HFTWs was redeveloped via chemical and physical methods. All equipment
was removed from each HFTW at this time. This period was also utilized to allow
perchlorate levels to rebound prior to commencing Phase Il Operation. Phase 1l
operation began on February 28, 2006 after a period of shutdown for well
redevelopment. During the shutdown period, (in the absence of citric acid addition),
the perchlorate levels in many of the monitoring wells rebounded as expected. The
electron donor dosing and the biofouling control regimen were modified during
Phase Il to determine if long-term perchlorate treatment was feasible without
significant well fouling. Electron donor dosing during Phase Il was changed from
daily addition (Phase I operation) to larger weekly or twice-per-week doses in order
to evaluate the impact of dosing schedule on well fouling. On 2/15 — 2/17/2006,
451 of citric acid was injected into each well. A volume of 15 L citric acid was
added to each well on a weekly basis from this time through 4/12/2006, and then
this dosing was doubled between 4/17/2006 to 6/20/2006, by adding 15 L to each
HFTW two times per week. Chlorine dioxide was added to each well on a daily
basis (4 — 8 X per day) from 2/15 — 4/12/2006, then reduced to one dose only after
citric acid injection from 4/12 — 6/20/2006.

A final mode of HFTW system operation (Phase I11) was implemented from
9/11/2006 — 12/11/2006. The objective of this phase was to determine whether the
system could be effectively operated in an “active-passive” mode, whereby the
HFTW treatment wells are used primarily for mixing electron donor, and the system
is turned off between mixing times. We were interested in understanding whether
this mode of system operation would result in consistent reduction in perchlorate
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levels to < 4 ug/L and the potential for reduced system O&M costs and better long-
term operation due to minimal pumping times. During this phase, the HFTW
treatment wells were operated in a 15-day cycle consisting of 3 days of active
pumping followed by 12 days in passive (non-pumping) mode. During the active
period, citric acid was added to both HFTWs as an electron donor in three 12-h
pulses (followed by chlorine dioxide as a biocide), resulting in the addition of
approximately 60 L of electron donor per 12-h cycle and 180-L per operating time.
Each HFTW was operated at a net flow rate of 6 gpm. The 15-day cycle was
repeated 6 times during the 3-month test period, and three sampling events were
performed. An initial sampling round was conducted prior to beginning the active-
passive operation (9/6/2006) to provide a baseline, and a final round was performed
on 1/15/2007. The system was shut-down at the end of 12/2006 after the final
round of citric acid injection.

Table 3.4. Phases of System Operation

Testing Phases 2004 2005 2006

S/O N/D | JJFE M/A M/J J/JA S/IO N/D [ JIF M/IA M/J J/A S/IO N/D

1) Tracer Testing

2) Phase | Operation

3) Biofouling Control Tests

4) Rebound Period

5) Well Develop/System Mod.

6) Phase Il Testing

7) Phase 111 Testing

3.5.3 Treatment Rate

A site hydrological model was formulated by inverse modeling of the data that were
obtained from aquifer pump tests conducted in February and August 2003 (see
Figure 3.21 and 3.22). Based on the model, flow simulations were used to estimate
treatment rates for the two HFTWs. The simulated wells were screened at 46-61
and 80-100 ft bls, separated by 34 ft and each pumping at 10 gpm. The model
simulations revealed that this design would result in ~ 75% interflow of water (55%
horizontal, 20% vertical) between the two treatment wells (Figure 3.23). For the
given design parameters, and assuming approximately 200 ppb perchlorate entering
the upper screen of the downflow treatment well from upgradient, and about 3500
ppb entering the lower screen of the upflow treatment well from upgradient (see
Table 3.3), approximately 0.111 pounds perchlorate would enter the system daily
for treatment from upgradient, and over a year, approximately 40 pounds will have
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entered the HFTW system for treatment. Figure 3.30 shows a conceptual model of
the HFTW system as a recycle reactor.

Figure 3.30. Conceptual Model of the HFTW System as a Recycle Reactor.

Interflow (75%0)
Q=12gpm
C=4ppb

Bioactive zones

resulting
v, from HFTW >
Influent from operation Effluent to downgradient
upgradient Total Q =6 gpm
Total Q =6 gpm C =4 ppb

Average C = 1850

3.5.4 Residuals Handling

All contaminated and treated groundwater remains in the subsurface with a HFTW
system (i.e., no water is pumped above ground), so there was no residual water to
treat during the demonstration. Water removed from the ground during pump tests
was collected in a Baker tank, then sent to an onsite ex situ treatment facility
consisting of fluidized bed reactors (for removal of perchlorate and nitrate) and an
air-stripper for TCE. The treated water from this 5,000 GPM system is presently
discharged to land surface.

3.5.5 Operating Parameters for the Technology

The HFTW system was designed for remote or onsite operation. Remote access
was conducted via personal computer through a modem. For remote operation, a
Supervisory Control and Data Acquisition (SCADA) system was accessed using PC
Anywhere (Symantec Corporation) software. This program allowed remote
monitoring and adjustment of system groundwater pumping rates, and the timing
and length of citric acid and chlorine dioxide injection cycles. Pressures at each of

the different well screens (4 total) were also monitored through this system. The
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system controls were also accessible via a personal computer located within the
utility trailer onsite.

The details of system operation (e.g., groundwater flow rates, citric acid
quantities, biofouling control measures) were described in Section 3.5.2, and
general phases of operation are outlined in Section 3.5.6 and Table 3.6. The system
parameters that were measured included primarily groundwater flow rates in the
upflow and downflow HFTWs, pressures at each well screen (4 screens total),
length and duration of citric acid injection and length and duration of chlorine
dioxide injection. Groundwater sampling events were conducted periodically
during the various demonstration phases as detailed in Table 3.5. Groundwater was
collected via low-flow sampling using dedicated Waterra Inertial sampling pumps
(Waterra USA Inc., Bellingham, WA). When stable field parameters were obtained,
groundwater samples were collected for analysis of the compounds described in
Section 3.5.7, and detailed in Table 3.5. The analytical methods and Shaw E&I
Analytical Laboratory SOPs for analysis of perchlorate (EPA 314.0), nitrate (EPA
300.0), VOCs (EPA 8260B), and VFAs (no standard EPA method) are provided in
Appendix A.

3.5.6 Experimental Design

The HFTW system is designed to mix electron donor into groundwater below
ground surface and promote the in situ biological reduction of perchlorate. Because
no water is pumped aboveground, there is neither a contaminated feed nor an
effluent stream to characterize. Rather, the operational performance of the system
was evaluated by measuring and comparing contaminant levels in system
monitoring wells at the demonstration site. An extensive well network was
installed for this purpose.  As previously noted, Table 3.5 contains a list of
contaminants that were measured during the demonstration. Analytical method
details for perchlorate (EPA 314.0), nitrate (EPA 300.0), VOCs (EPA 8260B), and
VFAs are provided in Appendix A. A complete “Control Plot” was installed during
a previous demonstration performed at the Indian Head Naval Surface Warfare
Center to compare perchlorate levels and overall geochemistry in monitoring wells
receiving electron donor and those receiving no amendment (Hatzinger et al., 2006).
In the case of this demonstration, the cost of installing two plots (including two sets
of HFTWs) was determined to be too high due to drilling and material costs. To
evaluate system performance in this demonstration, levels of perchlorate and co-
contaminants were monitored with time in a series of nested monitoring wells
placed within the expected treatment zone of the HFTW system (19 wells shown in
Figures 3.24 — 3.27). For experimental purposes, the levels of perchlorate and co-
contaminants in the monitoring wells are compared to the following values: (1)
baseline perchlorate and co-contaminant levels in each monitoring well prior to
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electron donor addition but during HFTW operation (4 baseline sampling events
were performed during the initial 6 weeks); (2) contaminant levels in a nested
upgradient monitoring well screened in similar zones to the HFTWs (NMW-1 and
NMW-2); and (3) historical perchlorate and co-contaminant levels in monitoring
wells 4440, 3514, and 3519, each of which was pre-existing at the site.

A coupled groundwater transport-biodegradation technology model was
employed to predict perchlorate concentrations (as well as electron donor and
competing electron acceptor concentrations) throughout the demonstration site as a
function of time. This technology model was used to help design the HFTW
treatment system (determine treatment well location, pumping rates, and the
electron donor injection schedule) in order to achieve desired downgradient
perchlorate concentrations. The results of the demonstration are compared to model
predictions by Secody (2007). This document is provided as Appendix F to this
report. The HFTW model simulates transport of the electron donor, perchlorate,
and competing electron acceptors (oxygen and nitrate) in the groundwater flow field
induced by operation of the HFTW well pair. The rate of perchlorate reduction is
modeled using Monod kinetics, with the rate dependent on both perchlorate and
electron donor concentrations. The presence of competing electron acceptors
(oxygen and nitrate) serves to decrease the rate of perchlorate reduction. This is
modeled using an inhibition coefficient that slows the rate of nitrate reduction if
oxygen is present and slows the rate of perchlorate reduction if either oxygen or
nitrate is present. The rate of microbial growth is a result of the consumption of the
growth substrate (the electron donor) less biomass decay, which is modeled as a
first-order decay process. Kinetic parameters for the model were estimated based
on laboratory batch and column studies conducted during SERDP Project ER-1163
and published by Farhan and Hatzinger, (2009).
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Table 3.5. Parameters Measured During Groundwater Sampling

Parameter Method/Procedure | Preservative Bottle Size
Nitrate EPA 300.0 4°C 100 mL*
Sulfate EPA 300.0 4°C 100 mL*
Chloride EPA 300.0 4°C 100 mL*
Bromide EPA 300.0 4°C 100 mL*
Dissolved Manganese EPA 200.7 0.45-um 250 mL**
cartridge filter;
Nitric Acid
Dissolved Iron EPA 200.7 0.45-um 250 mL**
cartridge filter;
Nitric Acid
Volatile Organic Hydrocarbons EPA 8260 Hydrochloric 40 mL VOA
Acid
Perchlorate EPA 314.0 Sterile 0.22-um | 50 mL
syringe filter sterile®
screw-cap
tube
Volatile Fatty Acids EPA 300.0m Sterile 0.22-um | 50 mL
syringe filter sterile®
screw-cap
tube
Redox Potential Field Meter -- --
Dissolved Oxygen Field Meter - -
pH Field Meter -- --
Conductivity Field Meter -- --

1 The same sample bottle was used for the analyses noted.
®The same sample bottle was used for all analyses noted.
% The same sample bottle was used for all analyses noted.
* Performed for only selected wells and sampling events.

The operational period of the HFTW system consisted of initial background and
tracer testing, followed by three operational phases over a period of approximately
2 years from September 2004 until December, 2006. The details and objectives of
these three phases were provided in Section 3.5.2, and outlined in Table 3.4.
Sampling events are provided in Table 3.6. A summary of the experimental goals
of each phase of testing are provided below

1. Background sampling & tracer testing: All wells were sampled 5 times
after the HFTW operation commenced on 8/12/2004 but prior to the
initial injection of electron donor on 10/28/2008 (See Table 3.6). The
objective of this phase was to quantify baseline levels of key
contaminants (perchlorate, nitrate, VOCs) in each monitoring well. A
dual tracer test was also performed during this period (beginning on
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8/30/2004) to evaluate and verify local hydrogeologic characteristics.
Select wells near the HFTWs were sampled for the two tracer salts
(bromide and chloride) twice during the initial week after injection, then
all wells were samples for these salts during the reminder of the
background testing phase (5 more sampling events) .

Phase | of system operation occurred from 10/28/2004 until 8/01/2005 (~
275 days). The objectives of Phase I were as follows: (1) to evaluate
groundwater mixing/flow; (2) to determine the extent of perchlorate and
nitrate bioreduction that was possible without mobilizing significant
quantities of iron and manganese as secondary groundwater
contaminants; and (3) to evaluate biofouling control and treatment. Only
a slight excess of the citric acid electron donor was applied during this
period of testing. A total of 9 groundwater sampling events were
performed during Phase I, seven of which occurred during active system
operation, and two of which were performed after citric acid addition was
stopped on 4/24/2005 (Table 3.6). The latter period in Phase | was used
to test various enzymatic and chemical treatment strategies to move
biomass from the HFTW well screens.

Electron donor was not injected from the end of Phase | until the
beginning of Phase Il operation. This period was used to evaluate
biofouling treatment approaches for the HFTWs (enzyme treatment, citric
acid treatment, and physical rehabilitation) and to allow rebound of
contaminants for Phase 1l testing. Each of the HFTWSs was redeveloped
via chemical and physical methods prior to the commencement of Phase
Il on 2/28/2006. The key objective of Phase Il was to treat perchlorate
without promoting significant well biofouling. This objective is critical to
the long-term viability of HFTWs for perchlorate treatment. The electron
donor dosing regimen was switched from a daily addition (as in Phase I)
to larger weekly or twice-per-week doses in order to evaluate the impact
of dosing schedule on both perchlorate treatment and well fouling. In
addition, chlorine dioxide was added to each well on a daily basis (4 — 8
X per day) from 2/15 — 4/12/2006, then reduced to one dose only after
citric acid injection from 4/12 — 6/20/2006.

Phase Il of system operation was implemented from 9/11/2006 -
12/11/2006. The objective of Phase 11l was to assess an “active-passive”
mode of operation. In this case, the HFTW wells were used primarily for
mixing electron donor with the perchlorate-contaminated groundwater.
The pumping system was then turned off between mixing periods. The
key objective was to determine whether this mode of system operation
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would result in a consistent reduction in perchlorate concentrations and
reduced system O & M costs. During Phase 11, the HFTW treatment
wells were operated in a 15-day cycle consisting of 3 days of active
pumping followed by 12 days in passive (non-pumping) mode. Citric
acid was added to both HFTWs in three 12-h pulses during the active
period resulting in the addition of approximately 60 L of electron donor
per 12-h cycle and 180-L per operating time. Each HFTW was operated
at a net flow rate of 6 gpm. The 15-day cycle was repeated 6 times
during the 3-month test period, and three sampling events were
performed. An initial sampling round was conducted prior to beginning
the active-passive operation (9/6/2006) to provide a baseline, and a final
round was performed on January 15, 2007.
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Table 3.6. Phases of Operation and Dates of Groundwater Sampling

Phase Date Days
8/12/2004 Initiate Flow
8/30/04 Begin Tracer Tests
Bkgd &
Tracer 8/31/04 -58 (Br and Cl only)
9/02/04 -56 (Br and Cl only)
9/7/2004 -51
9/15/2004 -43
9/22/2004 -36
9/30/2004 -28
10/13/2004 -15
10/28/2004 Begin Citric Acid Injection (Day 0)
11/3/2004 7
11/17/2004 20
12/1/2004 34
Phase | 12/20/07 53
1/3/2005 67
2/3/2005 98
3/21/2005 146
4/24/2005 End Phase | Citric Acid Addition
5/5/2005 188
8/1/2005 275
Phase 11 2/14/2006 472
2/15/2006 Begin Phase Il Citric Acid Injection
4/3/2006 520
5/8/2006 555
7/5/2006 614
Phase 11 9/6/2006 677
10/11/2006 712
11/28/2006 760
1/8/2007 801
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3.5.7 Sampling Plan

A comprehensive and accurate performance evaluation of the biostimulation pilot test
depends on obtaining a complete, representative, and consistent data set chronicling the
results of the demonstration. The data must characterize the original contaminant
concentrations and distribution, the amount and rates of contaminant removal, and any
residual contamination. The Sampling Plan presented in this section specifies the
sampling location, procedures for collecting samples, the sample chain of custody
procedures, and the packaging, labeling and shipping procedures that were used during
the demonstration.

Sampling activities supporting the demonstration included two primary phases:
pre-demonstration sampling, which included site characterization and background
sampling, and demonstration sampling, which included start-up testing, performance
optimization and long-term monitoring and sampling. Field methods and procedures
include sample collection methods, disposal methods, equipment decontamination,
sample labeling, sample preservation, sample packaging and shipment and sample
documentation. This section describes the data collection and analysis methods that were
performed during the HFTW electron donor technology demonstration. The Sampling
Plan provides a discussion of the selection of the laboratory and analytical methods,
sample collection, and experimental controls. The Sampling Plan was carried out in
general accordance with the Quality Assurance Project Plan (QAPP) (Appendix C).

3.5.7.1 Well Purging and Field Geochemical Parameters

A total of 24 sampling events were conducted during the nearly 30-month demonstration
(background monitoring, Phases I-111), including 5 baseline events, 2 additional sampling
rounds for bromide and chloride, 9 Phase | events, 4 Phase Il events and 4 Phase Il
events (Table 3.6).

Groundwater samples were collected from the Test Plot monitoring wells in
general accordance with USEPA Region 9's “Standard Operating Procedure for Low
Stress (Low Flow) / Minimal Draw-down Ground-Water Sample Collection” (Appendix
B). Groundwater samples were collected using Waterra Inertial Pumps as detailed in
Section 3.5.1.2. Groundwater pumped with the Waterra system was collected in acell for
field measurement of geochemica parameters, including pH, Eh, temperature, turbidity,
oxidation-reduction potential (ORP) and dissolved oxygen (DO). Y SI or equivaent field
meters were used to analyze parameters. All field meters were calibrated once at the
beginning of the day and checked periodically throughout the day to determine if re-
calibration was required.  Groundwater samples were submitted to the Shaw
Environmental and Infastructure’'s Analytical Laboratory in Lawrenceville, NJ for
analysis of VOCs (EPA Method 8260), fatty acids (by in-house IC method), anions (EPA
Method 300.0), and perchlorate (EPA Method 314.0). Total iron and manganese analysis
(EPA Method 200.7) were performed by ChemTech, Mountainside, NJ as a subcontract
to Shaw. Key analytical methods/SOPs are described as Appendix A to this document.
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During groundwater sampling, the field technician was required to maintain
accurate records. A “Water Sample Field Data Sheet” was completed for each well
during each sampling event, as exemplified in Figure 3.31. This sheet includes all
pertinent information regarding the sampling of each well, including the Well ID, the
sampler name and date, the general well characteristics, the depth to water prior to
pumping, the purge time and total purge volume, the geochemical parameters at severa
times during well purging, and any genera comments concerning the sampling event.
The final set of field parameter measurements on each field sheet are the stabilized values
that are entered into the data spreadsheet for the project. Groundwater sampling was
conducted at each well immediately after the final set of stabilized measurements was
recorded. The field technician isrequired to review and sign all field sheets at the end of
the sampling event to ensure accuracy.
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Figure 3.31. Example of a Completed Field Sheet Used to Record Well Sampling
Data.
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3.5.7.2 Sample Containers

The type and size of the sample container(s) for each analyte are listed in Table 3.5. All
glass bottles have Teflon® caps. New certified-clean VOA vias (40-mL) were used for
VOC collection. Clean polyethylene bottles (100 mL and 250 mL, respectively, were
used for analysis of anions (nitrate, bromide, sulfate, chloride) and metals (iron and
manganese, respectively). Sterile 50-mL conical tubes were used for perchlorate and
fatty acids.

3.5.7.3 Sample Collection for Laboratory Analysis

The methods and procedures to be used in collecting groundwater samples from the Test
Plot are described below. The sample bottles and preservation methods were summarized
previously in Table 3.5. After each well was purged according to previously documented
guidelines and field parameters were measured as detailed in Section 3.5.7.1, severd
different groundwater samples were collected. For analysis of VOCs by EPA Method
8260, two 40-mL amber glass VOA vias containing HCl for sample preservation were
filled directly from the groundwater stream at low flow from each well. Each vial was
filled with a zero headspace to avoid loss of volatiles from the water, then tightly capped
and placed on ice. The HCI was added in the analytical laboratory prior to shipping of the
bottles. For analysisof anions by EPA Method 300.0 (nitrate, sulfate, chloride, bromide),
a 100-mL polyethylene sample bottle was filled with water. Zero headspace is not
required. The bottle was then capped and placed on ice for shipment. For anaysis of
perchlorate (EPA Method 314.0) and volatile fatty acids (EPA Method 300.0m), sterile-
filtered samples are required. For collection, groundwater (~ 25 — 35 mL) was initially
pumped into a 60-mL disposable syringe fitted with a sterile 0.2-uM cellulose acetate
filter (Nalgene). The syringe plunger was removed prior to groundwater collection. The
water in the syringe was then filtered into a sterile 50-mL polycarbonate centrifuge tube
(Corning) and tightly capped. Finally, at selected sampling points (see Table 3.5), a 250-
mL polyethylene jar preserved with nitric acid was filled for analysis of dissolved iron
and manganese (EPA Method 200.7). The water used for this analysis was initially
passed through a 0.45-uM pore size cartridge filter designed for analysis of metals. All
sampl e bottles were prepared at the Shaw Laboratory in Lawrenceville, NJ and shipped to
the Aerojet Sitein an insulated cooler prior to the scheduled sampling event.

3.5.7.4 Sample Packaging and Shipment

During or immediately after groundwater sampling, the field technician completed a
chain-of-custody (COC) form supplied by the Shaw analytical laboratory. The COC
includes a detailed description of each sample (sample identification, bottle size, bottle
preservation, sampling time). An example of a completed COC form for the project is
provided in Figure 3.32. Samples for laboratory analysis were packed in coolers with ice
packs. Shock absorbent packing was added to the coolers to prevent breakage or damage
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of the sample containers. After review for accuracy, the COC form was signed, sealed in
a plastic bag to protect it from water, and then securely taped to the inside lid of the
cooler prior to closure. The COC form isremoved from the cooler upon arrival and used
by the analytical |aboratory for sample identification and processing.,

All samples were shipped on the day of collection whenever possible. If shipping
was not possible on the collection day, samples were stored at 4°C and shipped on the
next business day. Coolers were packed with sufficient ice to maintain sample
temperatures at 4°C during shipment. To insure safe transport of the samples, all coolers
were securely taped all the way around, and a custody seal was placed over the cooler
opening. The field technician relinquished custody of the coolers to an express carrier for
overnight delivery. Upon receipt of each sample shipment, the coolers were inspected
and any problems were noted on the COC record and reported to the QA staff person
responsible.
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Figure 3.32. Example of a Completed Chain-of-Custody (COC) Form Used for the
Project.
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3.5.7.5 Equipment Decontamination

All pumps (Waterra foot valves) and tubing were dedicated in the monitoring wells, so
decontamination between wells was not necessary. The jack pump (used at all wells) did
not contact the water.

3.5.7.6 Sample Documentation

Groundwater samples were labeled and maintained under COC procedures from the time
of collection to analysis. The QAPP provides a more in-depth discussion of sample
documentation procedures.

3.5.7.7 Quality Control Sampling

This section describes the field quality control program that will be used to measure and
evaluate data quality associated with site characterization sampling. The program
involves the collection of duplicate samples and trip blanks. Equipment blanks were not
taken because dedicated pumps were used. Collection duplicates are used to assess the
homogeneity of contaminants in a given matrix. Trip blanks are artificial samples
designed to detect the introduction of contamination or other artifacts into the sampling,
handling, and analytical process. For more information detailing the Quality Control
Sampling Program, please reference the Quality Assurance Plan (QAPP) in Appendix C.

3.5.8 Demobilization

At the completion of this study all equipment was disconnected and removed from the
site. The decommissioning efforts included removing the computer and other temporary
equipment from the utility trailer, removing outside equipment from the site, including
the chlorine dioxide system, pumps, and the citric acid tank, pulling all pumps and
downhole components from the HFTWs using a crane, and disconnecting and removing
al piping runs between the HFTWSs and the utility trailer. The utility trailer was the
property of Aerojet, and will be moved by them to another location based on need. The
HFTWs, monitoring wells, and piezometers instaled for this study will become the
property and responsibility of Aerojet for use in future monitoring, demonstration, or
remedial efforts.

3.6 Selection of Analytical Methods

The selected methods represent standard EPA procedures or modifications of these
protocols. Perchlorate analysis was conducted using a modification of the original EPA
Method 314.0 (Appendix A) and anion analysis for chlorate, nitrate (as N), sulfate,
bromide, and chloride was conducted using EPA method 300.0 (Appendix A). The
modification to EPA 314.0 was field filtration of groundwater samples through 0.22-um
cellulose acetate filters to remove bacteria prior to shipping and anaysis. Sterile 50-mL
conical tubes were used to preserve sterility. This preservation method was approved by
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EPA in 2005 (after the initiation of this ESTCP project) and was incorporated into EPA
Method 314.1 (USEPA, 2005). Analysisfor fatty acids (citrate, lactate, acetate, formate,
and propionate) was conducted using a modification of EPA Method 300.0 developed at
Shaw specifically for organic acids. For all aforementioned ion chromatography methods,
a Dionex DX-100, DX-120, or ICS-2000 ion chromatograph was used. For this project,
the practical quantitation limit (PQL; reporting limit) for perchlorate using EPA Method
314.0 was approximately 2.5 micrograms per liter (2.5 pg/L or 2 ppb), and the PQL for
the anions of interest using EPA Method 300.0 is 0.2 milligrams per liter (0.2 mg/L or
ppm). The MDL for perchlorate in the Shaw Analytical Laboratory was 0.8 ug/L. Vaues
for perchlorate between 0.8 and 2.5 ug/L were reported with a J designation on data
reports. The PQL for organic acids is approximately 1 mg/L. VOC anaysis was
performed using EPA Method 8260B (Appendix A) utilizing a Hewlett Packard 5973 gas
chromatograph/mass selective detector. The PQL for TCE and other volatile compounds
using this method is 5 micrograms per liter (5 ppb) and the MDL is~ 0.5 ppb. Detectable
values below 5 ppb but greater than the MDL were designated with J values on data
reports. Analysis of iron and manganese was performed using EPA Method 200.7 or
equivalent. The PQL for iron and manganese is 100 ug/L and 15 pg/L, respectively, and
the MDL is 5ug and 0.1 pg/L, respectively. Detectable values below the PQL but
greater than the MDL were designated with J values on data reports. Field measurements
were conducted using hand-held instruments (i.e. an Orion or YSI meter or equivalent)
and conventional methods.

3.7 Selection of Analytical/Testing Laboratory

Shaw Environmental’s Analytical and Testing Laboratory in Lawrenceville, New Jersey
performed laboratory testing for the demonstration. This laboratory has significant
experience in implementing EPA-approved methods for the detection of perchlorate,
anions, fatty acids, and TCE in groundwater. Total iron and manganese analysis was
performed by ChemTech, Mountainside, NJ, a contract laboratory used frequently by
Shaw for these analyses.

3.8 Project Personnel

Dr. Paul Hatzinger, with Shaw, was the Principal Investigator for the demonstration,
and had overall project management responsibility. Dr. Hatzinger worked closely with
each of the demonstration partnersto insure al efforts were fully coordinated.

Mr. Jay Diebold, P.E., P.G., with Shaw, served as the Project Field Manager for the
demonstration. He was responsible for overseeing system installation, and for day-to-
day system operation. Jay aso coordinated efforts between the demonstration site
personnel and the three Shaw offices that were involved.



Dr. Randi Rothmel, with Shaw, isthe Shaw Environmental Laboratory Manager. She
had overall QA/QC responsibility for analytical data generated during the project.

Ms. Sue Kraemer, located in Shaw’ s Sacramento office, assisted with the coordination
of loca staff and subcontract resources.

Mr. Paul Weinhardt, located in Shaw’ s Sacramento office, perfomed most of the
groundwater sampling and system O& M for the project.

Ms. Sheila Richgels, located in Shaw’s Sacramento office, was the QA officer for
groundwater sampling. She ensured that al field data sheets and COC forms were correct
and that samples were properly shipped to the laboratory for analysis.

Mr. Scott Neville served as the site project manager for Aerojet and coordinated all on-
site activities and support services provided by Aerojet personnel. Mr. Neville also
supported efforts to maintain local regulatory compliance throughout the execution of the
demonstration.

Mr. Darren Engbring, formerly with Shaw, provided system design, installation, and
operations support including coordinating with all vendors and subcontractorsto insure
proper installation, operation, and maintenance of all system components.

Dr. Mark Goltz, with AFIT, isa Co-PI on the project. He and his students at AFIT
provided hydrogeologic and contaminant fate and transport modeling support throughout
the project, including operational model refinements and comparison of model results to
actual field observations.

Dr. Eric Nuttall, with UNM, is a Co-PI on the project. He provided well fouling control
support. These efforts included laboratory studies to assess the most practical and cost
effective means of preventing or controlling well fouling associated with biomass growth
and assisting with the field implementation and assessment of the most promising
remedies.
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4.0 PERFORMANCE ASSESSMENT

4.1 Performance Criteria

See Table 4.1 for performance criteria.

Table 4.1. Performance Criteria.

Performance Criteria Description Primary or
Secondary
Contaminant Reduction The destruction of perchlorate, nitrate and Primary
TCE in groundwater.
Mixing Assess the mixing of groundwater and Primary

delivery of groundwater with electron
donor viatracer testing and electron donor
measurement.

Factors Affecting Hydrogeologic characteristics, Primary
Technology Performance | biogeochemical characteristics and
contaminant concentration may affect
bi ostimulation treatment performance.
Hydrogeologic characteristics of the
treatment zone including the presence of
low-permeability lenses or layers may
affect the vertical and lateral distribution
of injected substrates. Irregular
distribution of electron donor caused by
heterogeneities may result in zones where
little or no treatment can occur.

Reliability Application of the treatment system may Primary
involve empirical optimization of the
electron donor injection ratesto achieve
optimal performance. Therefore, initial
operations will involve close monitoring
of electron donor concentrationsin
groundwater to ensure adequate
distribution in the treatment zone. Once
stable performance is achieved, the
system is designed to allow automated
operation with minimal intervention and
maintenance.

Ease of Use Tasks associated with operations and Secondary
maintenance (O& M) of the system
include routine flow and pressure
measurements at the injection point well
heads and monitoring electron donor use.
Limited technical expertise or training
will be required of personnel involved in
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the O&M of the system.

Versatility

A horizontal flow treatment well (HFTW)
system has previously been field tested
for the addition of co-substrate (toluene)
and oxygen for aerobic remediation of
TCE. With thistest, the technology will
be examined for in situ anaerobic
treatment of perchlorate and nitrate, as
well as TCE. These two demonstrations
will attest to the potential versatility of the
HFTW technology for remediation
pUrposes.

Secondary

Maintenance

The operation of the system is designed to
be fully automated onceinitial testing is
completed. O& M tasks include routine
flow and pressure measurements and
monitoring electron donor use. O&M
activities will be performed by Shaw and
GenCorp Aerojet personnel in
conjunction with sampling activities.

Secondary

Scale-Up Constraints

The demonstration system was designed
to treat arelatively small area, consistent
with pilot-scale systems that may be
installed prior to full-scale application.
Scale-up to meet the requirements of full-
scale site remediation would involve
pilot-scal e testing and full-scale design
and installation. Based on these factors
and the site-specific remediation
reguirements, the installation of afull-
scale system may require construction of
anew substrate delivery network or
maodification of existing remediation
systems. A variety of methods can be
used to match the substrate delivery
process with the remediation
reguirements.

Secondary

Process Waste

Application of the biostimulation
technology does not generate any process
waste. Limited soil cuttings and
groundwater derived from sampling were
be generated during the demonstration.

Secondary
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4.2 Performance Confirmation Methods

The effectiveness of the electron donor addition with HFTWs for perchlorate treatment
depends on the stimulation and growth of indigenous degradative microorganisms, the
distribution of electron donor, and the hydraulics of groundwater flow in the test site. A
successful demonstration is based primarily on the levels of reduction of contaminant and
the even, adequate, and steady dispersion of the electron donor throughout the plot areato
be treated. Other factors evaluated include the effect of hydrogeologic and
biogeochemical factors on system performance, ease of use, versatility, maintenance, and
scale-up constraints (Table 4.2).

Field data were analyzed as available throughout the demonstration to determine
the efficacy and effectiveness of the in situ electron donor biostimulation pilot test. The
data were subject to the QA procedures outlined in the QAPP (Appendix C) to ensure a
consistent and scientific evaluation of performance.
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Table 4.2. Performance Confirmation Methods.

Performance Criteria

Expected Performance Metric

Performance Confirmation
Method*

PRIMARY CRITERIA (Performance Objectives)

(Quantitative)

Perchlorate

Reduce perchlorate to <4 ug/L

EPA Standard Method 314.0
(modified with filtered sample
according to EPA Standard Method
314.1)

Co-contaminants: Nitrate and TCE

Reduce Nitrate-N to < 1 mg/L and
TCE to <5 ug/L

EPA Standard Method 300.0 (for
Nitrate-N) and EPA 3260 (for TCE
and CVOCs)

Overall system performance

Observe the presence of injected
electron donor and/or negative
oxidation reduction potential (ORP)
sampling wells throughout the test
plot at appropriate time points (i.e.
indicative of a broadly distributed
treatment ozone)

EPA Standard Method 300.0m for
electron donor (VFA) and field meter
(ORP)

Minimal Impacts to Downgradient
Groundwater Geochemistry

Maintain levels of Fe and Mn in
downgradient monitoring well(s)< 1
mg/L during Phase I.

EPA Standard Method 200.7 for iron
and manganese analysis. Field meter
measurements of DO, Eh, and pH

Biofouling Control

Redevelop well(s) receiving
biofouling treatment with chlorine
dioxide < 1x per year

Pressure and flow measurements in
wells receiving chlorine dioxide
solution

SECONDARY CRITERIA (Performance Objectives)

(Qualitative)

Ease of Use Minimal operator training required. | Experience from demonstration
operations
Versdtility
- Useat other sites -Yes, with site-specific modifications | Experience from demonstration
- Usewith other target (i.e. electron donor, pH buffering) operation
contaminants -Predictive modeling
Maintenance
- Required -Minimal Experience from demonstration
operation
Scale-Up Constraints

- Pilot scaletesting

- Engineering of full-scale
design

- Instalation

-Yes, with site-specific modifications
(i.e. electron donor, pH buffering)

Monitor during demonstration
operation

Process Waste
- Generated

-None

Observation
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4.3 Data Analysis, Interpretation, and Evaluation

The scientific data generated during the project consisted primarily of temporal
measurements of perchlorate and co-contaminant concentrations in monitoring wells
within and outside of the HFTW treatment zone. In addition, operational data, including
well pumping rates, well pressures, and electron donor usage was recorded. In the
subsequent section (Section 4.4), the concentrations of perchlorate and co-contaminants
in the monitoring wells are plotted with time and compared to baseline perchlorate and
co-contaminant levels in each monitoring well prior to electron donor addition and during
HFTW operation and to contaminant levels in a nested upgradient monitoring well. In
addition, geochemical and operational parameters are plotted and discussed to evaluate
system performance. These data generated during the project were modeled using the
groundwater flow/biodegradation model developed at AFIT. The modeling data are
presented in Appendices E and F.

4.4 Demonstration Results

4.4.1 Phase | Operation

As previously noted, the objectives of the first phase (Phase I) of system operation were
asfollows: (1) to evaluate the overall performance of the HFTW system as a mixing and
capture system; (2) to determine whether perchlorate reduction was possible without
mobilizing significant quantities of iron and manganese as secondary groundwater
contaminants; and (3) to evaluate biofouling control and treatment strategies. During the
initial phase of operation, the HFTW system was run in a continuous pumping mode at a
net flow rate of 6 gpm in each treatment well. The actual pumping rate in the downflow
HFTW was set at 9.3 gpm to account for leakage in the filter pack. This setting achieved
the desired net flow based on water table elevations in nearby monitoring wells. Electron
donor addition was initiated on 10/28/2004 after tracer testing was complete.

The HFTW was operated with only a moderate stoichiometric excess of electron
donor in Phase | to evaluate what levels of perchlorate bioreduction were possible
without major impacts to groundwater geochemistry. The required citric acid dosage was
calculated based on average groundwater flow rate, the average concentrations of oxygen,
perchlorate and nitrate in existing monitoring wells on 9/24/2004, and the relevant
oxidation reaction for electron donor (i.e., citric acid oxidized to carbon dioxide) and
reduction reactions for each electron acceptor (i.e., oxygen, nitrate, and perchlorate). The
basic equations and assumptions used to calculate stoichiometry are provided below:

1. Total groundwater flow of 65,405 L/day (6 gpm per well x 24 h pumping)
2. Oxygen, nitrate, and perchlorate are present at 9/24/2004 average levels:
a. Oxygen=1.87 mg/L (including 0.5 mg/L from Oxine).
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b. Perchlorate = 3.31 mg/L.
c. Nitrate-N =4.63 mg/L.
3. Citric acid concentration is 609 g/L (50 % by weight).
4. Stoichiometric ¥z reactions (no biomass growth included):
a NOz+6H"+ 6 > 1/2N;, + 3H,0.
b. ClOs +8H" + 8¢ = CI" + 4H,0.
c. O,+4H" +4e - 2H,0.
d. CgHgOg + 4H,O > 6CO,+ 18H" + 18€.
5. Baancing for electrons donated/consumed results in the following equation :
[CeHsOg] = 1.33[O,]+ 3.81 [NO3-N] + 0.855[ClO4] (valuesin mg/L).

6. Substituting concentrations of O, (1.87), NOs-N (4.63) and ClO,4 (3.31) yields
atotal of 23 mg/L CgHsOs required.

7. 64,405 L/day water x 23 mg/L citric acid required = 1481 g citric acid/day
8. 1481 9g/609 g/L =243 L citricacid/day = 1.22 L citric acid/HFTW/day

The electron donor dosage was initially set at 1.25X the stoichiometric requirement
during Phase |. An electron donor dosage of 1.5 L of 50 % citric acid was added to both
the upflow and the downflow HFTW as a daily pulse to achieve the desired dosage.
Based on monitoring well data, the citric acid quantity was increased to 2.5X
stoichiometry on 12/04/2004 (3.0 L/day). The dosing in the downflow HFTW was
increased further to 4X stoichiometry (~ 4.9 L/day) on 2/11/2005. The system was
operated intermittently from April, 2005 to the end of Phase | (8/01/2005; 275 Days)
while various biofouling treatment strategies were tested.

4.4.1.1 Phase |: Tracer Testing Results

A dua tracer test was performed as described in Section 3.5.1.3. Solutions of sodium
bromide (~ 20 g/L as bromide ion) and sodium chloride (~ 80 g/L as chloride ion) were
injected into the two HFTWs commencing on August 24, 2004. The chloride tracer was
injected into the downflow HFTW and the bromide tracer was added to the upflow
HFTW. Approximately 100 gallons of each solution was injected during a 30-day period
in daily pulses in order to achieve the target dosing rate of approximately 1 kg chloride
per day and 250 g bromide per day. The injection of the tracer solutions was completed
on September 28, 2004.

For purposes of discussing the tracer results and geochemical data, the monitoring
wells are separated into “rows’ of shallow (2 rows) and deep (3 rows) based on distance
from the HFTWs (see Figure 4.1 for Plot Layout and detail of “Rows’). Row 1 of the
shallow wells consists of Well 3631, 3632, and NMW-3, the latter of which is between
and dlightly upgradient of the two HFTWSs. Row 2 consists of Wells NMW-7, NMW-9,
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and 3628. The side-gradient well NMW-5 is also included. Bromide was detected in all
shallow monitoring wells within the test plot, showing that al were hydraulically
connected to the HFTW system (Figures 4.2 & 4.3). Day O for the plotsis the first day of
the 30-day bromide injection. Bromide was detected at a maximum concentration within
the Row 1 wells 3631 and 3632 within 3 days of injection, then in Well NMW-3 after ~
30 days (Figure 4.2). Bromide in the second row of wells reached a maximum
concentration at ~ 30 days for Wells 3628 and NMW-7, and ~ 45 days for Wells NMW-5
and NMW-9 (Figure 4.3).

Figure 4.1. General Layout of Demonstration Plot with Generalized Rows of Wells
Denoted. Distances between monitoring wells are not to scale. The white arrows
represent “rows’ of wells used in discussion of tracer and geochemical data.

@ V. Shallow (36-41’)

3627
@, (geochemical analysis)

Shallow (~ 46-61°)

Deep (~ 80-100
3514 ROW3 P )
V Deep (98-106)

INWAWES)
(sidegradient) o0
Scale = 34’ % NMW 1-2
(up-gradient)
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Bromide was aso detected in all of the deeper monitoring wells, athough
concentrations were generally much lower than in the shallow wells. The majority of the
tracer entering the deep wells was probably recycled between the HFTW-U and the
HFTW-D. The maximum concentrations in the deep Row 1 wells (Well 3519, Well
3633, Well 4440, and NMW-4) were slightly more than 2 mg/L, compared to 6-10 mg/L
in shallow Row 1 wells, and the peak concentrations occurred between ~ 20 and 30 Days
(Figure 4.4). Bromide was also detected in each of the wells further downgradient,
denoted as Row 2 (Well 3629, 3630, NMW-8, NMW-10) and Row 3 (Well 3627 and
Well 3628) (Figure 4.5). The highest concentration was detected in NMW-8, which had
nearly 6 mg/L after 30 days. The maximum concentrations in the other wells was near 2
mg/L, with maximum concentrations occurring from 30 days for Well 3630 to greater
then 60 days for Wells 3514 and 3627. Bromide was not detected in either of the
upgradient monitoring wells NMW-1 and NMW-2 (data not shown).

The data from the chloride tracer study used to evaluate connectivity of the
HFTW-D to the monitoring wells was more difficult to interpret than the bromide data,
particularly for the deep wells. The background variability in chloride among the wells
was greater than initially thought. The background chloride concentrations ranged
between ~ 3 and 30 mg/L in the treatment plot (with a few higher values), and with the
exception of a few wells, chloride concentrations did not exceed 30 mg/L after the
chloride was injected. Asaresult, it was not possible to conclusively distinguish changes
in chloride levels resulting from mixing of background chloride throughout the plot from
those due to injection of the chloride tracer. Reasonable data were obtained for several of
the shallow wells, but rather than rely on these data, a second bromide tracer test was
performed in the HFTW-D later in the project.

This test was conducted beginning on January 30, 2006, and was performed as
previoudly detailed for the chloride tracer test except that bromide was added to the
HFTW-D (rather than the HFTW-U), and the test was conducted for 15 rather than 30
days. Theinjection schedule and daily quantities of bromide added were as described for
the previous test (i.e., 250 g pulsed in one time per day). The HFTW flow rates were also
as described previously. No tracer was added to the HFTW-U.

Bromide added to the HFTW-D was detected in all shallow monitoring wells,
with the highest concentrations occurring in Wells 3628, 3631, 3632, and NMW-7
(Figures 4.6 and 4.7). Thefirst sampling event for the shallow wells was ~ 2 weeks after
injection, so the peak may have been earlier in some wells, but for each of the
aforementioned wells and Well NMW-3, the highest bromide concentrations occurred at
this two week sampling point. The maximum concentrations at the other shallow wells
occurred 32 days after the initial injection. Among the deep wellsin Row 1, bromide was
detected at > 4 mg/L in wells 3519 and NMW-4 after two weeks (Figure 4.8). These
wells were also sampled at 1, 8, and 11 days after the injection commenced. Compared
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to the first two wellsin this group, low concentrations of bromide were detected in wells
4440 and 3633 during the test (< 1.5 mg/L maximum). However, the bromide was
present at these levels over severa weeks. These data suggest much more dilution of the
tracer occurred than in the other wells. Bromide was detected in each of the deep
downgradient wells (Rows 2 & 3) although only very low concentrations were observed
in Wells 3627 and 3629 (Figure 4.9). The other deep wells showed peak concentrations
at 32 days (Well 3514) or 64 days (wells NMW-10, 3514, and 3630). Bromide was
detected in upgradient monitoring well NMW-2 at 0.6 mg/L on Day 11 and in NMW-1 at
0.39 mg/L on Day 99, suggesting a slight influence of the HFTW pumping system on the
upgradient wells (data not shown).

A comparison of the relevant tracer test data with model simulations for each well
is given in Appendix E (Figures E-1 to E-20). In general, the model simulations match
the field data reasonably well. Notable exceptions include the following: (1) Well 3629
was predicted to be quickly impacted buy the HFTW-U, with bromide concentrations of
~ 7 mg/L occurring within a few days. During the test, very little bromide was detected
in this well, with a maximum concentration of < 2 mg/L occurring after ~ 30 days
(Appendix E: Figures E-5 & E-6). (2) For Well NMW-8, the reverse was true. The model
predicted bromide reaching a maximum concentration of ~ 2.5 mg/L after > 100 days of
travel time, but in reality, the well was impacted maximally 30 days with a peak
concentration of > 5 mg/L (Appendix E: Figures E-7 & E-8). (3) Bromide also arrived at
wells 3514 and 3627 much more rapidly than predicted by the model simulations
(Appendix E: Figures E-9 & E-10). The results of the tracer testing will be discussed
further as relevant to the biodegradation data.
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Figure 4.2. Tracer Test 1, HFTW-U: Bromide Concentrations in
Shallow Monitoring Wells Near the HFTWSs — Row 1.
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Figure 4.3. Tracer Test 1, HFTW-U: Bromide Concentrations in Shallow Monitoring
Wells Distant from the HFTWSs — Row 2 and Side-gradient Well NMW-5.
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Figure 4.4. Tracer Test 1, HFTW-U: Bromide Concentrations in Deep
Monitoring Wells Closest to the HFTWs — Row 1.
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Figure 4.5. Tracer Test 1, HFTW-U: Bromide Concentrations in Deep
Monitoring Wells Distant from the HFTWs — Row 2 & Row 3.
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Figure 4.6. Tracer Test 2, HFTW-D: Bromide Concentrations in
Shallow Monitoring Wells Near the HFTWSs — Row 1.
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Figure 4.7. Tracer Test 2, HFTW-D: Bromide Concentrations in
Shallow Monitoring Wells Distant from the HFTWs — Row 2 and Side-
gradient Well NMW-5.
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Figure 4.8. Tracer Test 2, HFTW-D: Bromide Concentrations in Deep
Monitoring Wells Closest to the HFTWs — Row 1.
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Figure 4.9. Tracer Test 2, HFTW-D: Bromide Concentrations in Deep
Monitoring Wells Distant from the HFTWs — Row 2 & Row 3.
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4.4.1.2 Phase |: Perchlorate Treatment

Fourteen groundwater sampling events were performed during Phase | operation,
including five background events and nine events to measure system performance after
initial electron donor addition (see Table 3.6). Between the final background monitoring
event (Day -15; 10/13/2004) and the groundwater sampling conducted on 8/1/2005 (Day
275), perchlorate levels in the 7 shallow monitoring wells (See Figure 3.24 & Figure 4.1
for plot layout) declined by an average of 95 % from the starting average of 2230 ug/L to
90 ug/L (Figure 4.10 and Table 4.3). Well 3632 reached < 5 ug/L (MDL) on Day 67, but
most of the other wells showed stable perchlorate levels ranging from ~ 40 — 160 pg/L.
These levels remained reasonably consistent with electron donor dosages up to 2.5X
stoichiometry added to the HFTW-U.

The consistent decline in perchlorate levels throughout the entire shallow aquifer
zone during Phase | showed that the HFTW system provided good mixing and electron
donor delivery within this region. Moreover, the rapid and consistent reduction in
perchlorate levelsin the side-gradient well (NMW-5) suggested that the zone of influence
of the HFTW system in the shallow zone met or exceeded initial predictions derived from
the site-specific groundwater transport model. The low residual levels of perchlorate
throughout this region during Phase | Operation may reflect alimitation in electron donor
in this region (the donor was intentionally limited to prevent mobilization of Fe and Mn)
or may be a function of the one-pass mixing design and flow field of the system. It
should aso be noted that the system was not operated consistently between April 24,
2005 (Day 177) and the end of Phase 1 in August, 2005 (Day 275) due to biofouling
issues with the HFTW-U. Tests were performed during this period to determine if the
fouled well could be rehabilitated using acid and enzymatic treatments (See Section
4.4.9). Thus, the low residua perchlorate in the HFTW demonstration well network
during the latter months of Phase | may reflect the operational conditions. This topic is
addressed further during the discussion of Phase Il and Phase I11 results.

Some decrease in perchlorate concentration was also observed in the shallow
upgradient well (NMW-1) (Table 4.3). The perchlorate concentration in this well
declined slowly from ~ 5400 ug/L at Day -51 (which was more than 1,400 ug/L higher
than any of the other shallow wells) to ~ 3700 ug/L just prior to the beginning of electron
donor addition. The perchlorate concentration in this upgradient well declined to ~ 1500
ug/L by Day 53, then remained consistently between ~ 1,200 and 1,600 ug/L through
Day 275, when all of the shallow downgradient wells declined to < 100 pg/L. The tracer
test data suggest that the well did not receive water from either HFTW (i.e., bromide was
below detection during each tracer test). Rather, the declining perchlorate in NMW-1
most likely resulted from impacts to groundwater flow during pumping of the two
HFTWs or dlterations in mass flux and contaminant transport from the upgradient
perchlorate source area. Besides unusually high perchlorate, NMW-1 had significantly
lower sulfate (Table 4.13) and TCE (Table 4.9) than the other shallow downgradient

99



wells, suggesting that water in the well may have originated from a slightly different
geologic unit/region than in the downgradient wells (or possibly that the well screen
intercepted multiple units), and that pumping impacted the water entering this well.
Nitrate concentrations were generally similar to the downgradient wells, and did not
decline with time.

Like the shallow downgradient wells, the perchlorate levels in the deep
downgradient monitoring wells at the site also declined significantly during Phase |
operation, athough the extent and consistency of the reduction was less than for the
shallow wells (Figure 4.11 and Table 4.4). Unlike NMW-1, there was no appreciable
change in perchlorate concentrations in deep upgradient well NMW-2 during Phase |
(Table 4.4). In the 9 deep downgradient wells within the treatment zone, perchlorate
levels declined by an average of 60% from a starting concentration of 3722 ug/L on Day
0 to 1780 ug/L on Day 275. However, in the five deep wells furthest downgradient
(NMW-8, NMW-10, 3514, 3627, 3630; see Figure 4.1), which are beyond the immediate
influence of the upgradient water entering the system through the HFTWSs, average
perchlorate reductions exceeding 93% were achieved on Day 146 (the final sampling
event in Phase | prior to intermittent operation) (Figure 4.12). In addition, perchlorate
levelsin Well NMW-8 were below detection (<2.5 ug/L) on Day 275 (see Figure 4.11).
Thus, with increased residence time, perchlorate reduction in the deep region of the
aquifer was much greater than for the wells close to the HFTWSs. In addition, based on
the tracer studies, several of the deep wells, including 3633, 3629, and 4440 were not
well connected to the HFTW system (see Figure 4.9 and Appendix E). Appreciable
dispersion of the tracer cloud was apparent for these wells suggesting either (1) that the
water from the HFTW-D was significantly diluted with untreated water prior to reaching
these wells or (2) that the quantity of water (and electron donor) reaching these deep
wells was appreciably lower than anticipated due to significant recycling of the injected
water from HFTW-D into HFTW-U with subsequent delivery into the shallow aquifer.

As with the shallow zone, the citric acid levels applied to the deep zone were
intentionally limited during Phase | (between 1.25X and 4X stoichiometry) to minimize
secondary impacts to groundwater chemistry. In the absence of well fouling, the citric
acid levels would have been increased consistently into Phase II. However, the
significant biofouling of the HFTW-U prevented this planned increase. Rather the
system was shut down for biofouling mitigation tests, and then restarted several months
later after perchlorate levels had rebounded in many of the wells. Phase Il and Phase 111
results are reported in later sections.
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Figure 4.10. Perchlorate Levels in Shallow
Downgradient Monitoring Wells — Phase I.

Figure 4.11. Perchlorate Levels in Deep Downgradient
Monitoring Wells — Phase 1.
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Figure 4.12. Perchlorate Levels in Deep Downgradient Monitoring Wells
in Rows 2 & 3 through Day 149 — Phase I.
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Table 4.3. Perchlorate Concentrations (ug/L) in Shallow Monitoring Wells during
Phase | Evaluation.

Date Days 3631 3632 3628 NMW-1* NMW-3 | NMW-5 | NMW-7 | NMW-9
9/7/04 -51 3680 3888 3302 5310 2910 2020 3619 1500
9/15/04 -43 3460 3220 3883 5440 3220 2170 3640. 2240
9/22/04 -36 1418 2058 2506 4665 3109 2175 3572 2182
9/30/04 -28 1690 1870 3540 4340 1770 2340 3170 2440
10/13/04 | -15 789 890 3303 3678 2655 2357 3347 2249
11/4/04 7 1490 2720 2980 2820 3280 2050 3000 1800
11/17/04 | 20 1924 1840 2964 2564 1807 2088 3213 1796
12/1/04 34 860 NS 93 NS 710 NS 1030 NS
12/20/04 | 53 224 197 344 1572 105 41 485 166
1/3/05 67 NS 5 759 1690 112 607 180 112
2/3/05 98 150 11 80 1270 94 96 105 217
3/21/05 146 273 168 35 1209 148 73 74 77
5/5/05 188 78 165 109 1296 150 72 44 45
8/1/05 275 56 99 228 1570 80 76 44 49

* NMW-1 is an upgradient control well
NS = Not sampled.

Table 4.4. Perchlorate Concentrations (ug/L) in Deep Monitoring Wells during

Phase | Evaluation.

Date Days | 3627 | 4440 | 3519 | 3514 | 3629 | 3630 | 3633 | NMW- | NMW-4 | NMW-8 | NMW-
2 10
9/7/04 -51 | 2017 | 2930 | 3937 | 3760 | 3970 | 4130 | 4890 | 1030 4520 3250 3800
9/15/04 | -43 | 3450 | 4200 | 4060 | 4250 | 4147 | 4830 | 5260 | 1160 4850 3420 4220
9/22/04 | -36 | 3358 | 4759 | 2944 | 3747 | 3962 | 4137 | 5198 | 1115 4628 3320 3949
9/30/04 | -28 | 3510 | 4472 | 3508 | 3690 | 4470 | 3980 | 5180 | 1170 4340 3320 4040
10/13/04 | -15 | 3276 | 4529 | 2827 | 3257 | 3650 | 3582 | 4511 | 1366 4095 2969 3614
11/4/04 | 7 3096 | 4110 | 2404 | 3150 | 3400 | 3350 | 4310 | 1170 3815 2800 3340
11/17/04 | 20 3598 | 5060 | 2624 | 3413 | 3879 | 3716 | 4909 | 939 4090 303 3630
12/1/04 | 34 NS | NS |2200 | NS | NS NS | 4800 | NS 3610 NS NS
12/20/04 | 53 3056 | 1269 | 1523 | 2271 | 2543 | 1587 | 5274 | 891 2040 1329 1598
1/3/05 67 1850 | 2658 | 1780 | 1115 | 2140 | 1060 | 4932 | 1000 3230 119 833
2/3/05 98 1560 | 1970 | 945 | 817 | 1610 | 1310 | 3270 | 1140 3720 180 1213
3/21/05 | 146 | 463 | 1814 | 1079 | 228 | 1908 | 184 | 2443 | 1302 4540 130 93
5/5/05 188 | 952 | <5 2000 | 603 | 1644 | 2134 | 1612 | 1214 5320 207 210
8/1/05 275 | 1060 | 1060 | 2390 | 677 | 1600 | 2130 | 2160 | 1480 5000 <2.5 1500

* NMW-2 is an upgradient control well
** NS = Not sampled.
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4.4.1.3 Phasel: Mobilization of Iron and Manganese

Overall, mobilization of iron and manganese was minimal during the course of Phase |
operation. The soluble iron levels in the monitoring well network through 188 days of
operation are presented in Figure 4.13, Tables 4.5 (Shallow Wells) and Table 4.6 (Deep
WEells). Samples were not analyzed for these parameters on Day 275, as the system had
been operated intermittently for the three month period prior to this event. Iron and
manganese levels in wells 4440 and 3514 are not plotted as these wells have artificially
high background levels presumably due to the fact that iron well casings were used
during installation. The values are provided in Table 4.6. With the exception of two
shallow wells closest to the upflow HFTW (Wells 3631 & 3632), soluble iron levels
throughout the plot remained well below 500 pg/L. Moreover, based on the operational
data, iron that was dissolved and mobilized during the active phase of operation (through
Day 146) rapidly re-precipitated when the system was shut down. At the last sampling
event in Phase | in which iron levels were measured (Day 188), iron was below detection
(27 pg/L) in each of the eight shallow wells and three of the deep wells, and two
additional deep wells were < 34 pug/L. Thus, very little iron was mobilized, and that
which came into solution was rapidly removed once the system was shut down.

Among the shallow wells, manganese levels increased most significantly in wells
3631 & 3632, reaching a maximum of 1470 ug/L in Well 3632 at Day 98 (Figure 4.14
and Table 4.7). However, concentrations in both of these wells declined back to < 50
ug/L by Day 188 of Phase I. During the fina sampling event in Phase | in which
manganese was measured (Day 188), levels of the metal were below 50 ug /L in 12 of the
downgradient monitoring wells. The maximum level observed at this time was 715 ug /L
in NMW-8. Thiswell is directly downgradient of the nest with wells 3631 & 3632 (see
Figure 4.1). The concentrations of Fe and Mn mobilized during this demonstration are
appreciably lower than those produced during previous pilot work at the Aerojet Site.
During a previous pilot demonstration in which ethanol was tested as an electron donor
with an active pumping system (groundwater extraction & reinjection design), iron in a
some monitoring wells exceeded 2.9 mg/L, and manganese levels reached 5 mg/L
(Hatzinger et al., 2008). The dissolved iron rapidly re-precipitated based on data from a
downgradient well, but the dissolved manganese remained mobile, at least through the ~
30 m treatment plot. The measured concentrations of acetate (produced from the
oxidation of ethanol) exceeded 30 mg/L in downgradient wells after all of the perchlorate
and nitrate were degraded. It is this excess donor that serves as the substrate for
microbial Fe and Mn reduction. Dissolved Fe and Mn exceeding 70 mg/L and 40 mg/L,
respectively, has been observed using slow release substrates for in situ perchlorate
treatment (ESTCP, 2006).

It should be noted that, during the previous demonstration at Aerojet, perchlorate
concentrations were reduced to < 4 ug/L in the three downgradient wells within 30 days
of ethanol addition (from ~ 8 mg/L) and remained at this level throughout the initial
demonstration. Although dramatic declines in perchlorate were observed during Phase |
of the current demonstration, particularly in the shallow wells and deep downgradient
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wells, consistent reduction to < 4 ug/L was not achieved throughout the plot. It isunclear
whether the low residual perchlorate (50 — 100 ug/L) in many of the wells reflects a
limitation in electron donor, or is the result of the complex mixing of groundwater by the
HFTW system. A similar low residual of TCE was observed during a previous
demonstration with these wells (McCarty et al., 1998). Additional discussion of this
topic is provided in Section 4.4.3.6.

Figure 4.13. Soluble Iron Levels in Downgradient Monitoring
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Table 4.5. Iron Concentrations (ug/L) in Shallow Monitoring Wells during Phase |
Evaluation.

Date Days 3631 | 3632 | 3628 NMW-1" NMW-3 | NMW-5 | NMW-7 | NMW-9
9/15/04 | -43 <29 | <29 | <29 85 <29 172 <29 <29
9/30/04 | -28 <29 | <29 | <29 <29 <29 <29 <29 <29
12/20/04 | 53 401 54 65 39 42 46 186 270
1/3/05 67 1910 | 305 36 93 20 117 166 <29
2/3/05 98 66 567 | 89 163 76 89 76 104
3/21/05 146 39 57 184 161 64 32 123 66
5/5/05 188 <27 | <27 | <27 <27 <27 <27 <27 <27

*NMW-1 is an upgradient control well.
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Table 4.6. Iron Concentrations (ug/L) in Deep Monitoring Wells during Phase |
Evaluation.

Date Days | 3627 | 4440 | 3519 | 3514 | 3629 | 3630 | 3633 | NMW- | NMW- | NMW- | NMW-
2 4 8 10
9/15/04 | -43 <29 11600 | <29 | 154 <29 121 79 <29 180 95 <29
9/30/04 | -28 <29 3050 | 34 84 <29 29 <29 89 <29 39 49
12/20/04 | 53 <29 NA 53 783 39 36 76 59 <29 36 30
1/3/05 67 33 1510 | 63 182 119 32 <29 93 157 135 <29
2/3/05 98 <29 10600 | 122 | 895 60 145 89 63 63 171 31
3/21/05 | 146 78 6650 | 126 | 680 60 485 94 <29 51 204 303
5/5/05 188 28 41000 | 88 4700 | <27 <27 <27 80 <27 276 34

*NMW-2 is an upgradient control well.

Figure 4.14. Soluble Manganese Levels in Downgradient Monitoring
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Table 4.7. Manganese Concentrations (ug/L) in Shallow Monitoring Wells during
Phase | Evaluation.

Date Days | 3631 | 3632 | 3628 NMW-1" NMW-3 | NMW-5 | NMW-7 | NMW-9
9/15/04 | -43 11 6.3 18 15 3.2 2.0 2.7 15
9/30/04 | -28 0.6 0.6 1.6 0.8 0.9 1.0 1.0 0.3
12/20/04 | 53 64 302 | 32 2.0 28 2.4 3.0 6.5
1/3/05 67 1210 | 831 | 20 6.6 14 8.2 19 38
2/3/05 98 172 | 1470 | 54 6.1 8.9 3.7 17 5.7
3/21/05 | 146 219 | 566 | 183 2.9 12 0.6 140 13
5/5/05 188 0.4 44 88 17 23 0.3 452 0.5

*NMW-1 is an upgradient control well.
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Table 4.8. Manganese Concentrations (ug/L) in Deep Monitoring Wells during
Phase | Evaluation.

Date Days | 3627 | 4440 | 3519 | 3514 | 3629 | 3630 | 3633 | NMW- | NMW- | NMW-8 | NMW-10
2 4
9/15/04 | -43 15 2500 | 3.0 30 2.8 3.7 34 2.0 2.76 8.0 11
9/30/04 | -28 2.7 636 18 35 1.0 1.0 0.4 1.0 0.44 4.4 0.6
12/20/04 | 53 2.2 NA 62 79 2.3 3.2 31 25 13.7 11 20
1/3/05 67 4.3 943 269 | 34 34 3.6 3.3 4.7 57.1 10 6.8
2/3/05 98 1.0 1690 | 26 97 2.6 34 6.2 2.8 1.81 18 2.9
3/21/05 | 146 10 969 17 47 24 257 1.8 1.9 0.86 140 313
5/5/05 188 | 3.0 1890 | 15 131 <01 |72 20 2.2 0.57 715 250

*NMW-2 is an upgradient control well.

4.4.1.4. Phasel: Treatment of Chlorinated Solvents.

The Phase | system operation was designed primarily to determine whether perchlorate
reduction was possible without significant mobilization of iron and manganese. To
achieve this end, electron donor was added only in moderate stoichiometric excess and as
a result, the reduction potentials throughout the test plot rarely fell below 0 mV and
usually averaged between + 25 and + 100 mV (Section 4.4.1.6). These redox conditions,
while sufficient for perchlorate biodegradation, are not generally considered low enough
to promote significant reductive dechlorination. That being said, significant losses of
TCE were observed in several of the plot’s shallow monitoring toward the end of Phase |
operation. The average TCE levels in the downgradient shallow wells declined by
approximately 40 % from 1620 pg/L just prior to electron donor addition to 990 ug/L at
the end of Phase | (275 days) (Figure 4.15; Table 4.9). However, two of the shallow
wells furthest downgradient, NMW-9 and Well 3628, had TCE levels below 50 pg/L at
Day 275. Losses of TCE were also observed in a few of the deep downgradient wells,
including Wells 3627 and 3629, but TCE concentrations in most of these wells remained
reasonably constant (Table 4.10).

A few of the wells had detectable levels of cis-1,2-DCE ranging from 22 to 190
ug/L during one of the last two sampling events in Phase I, and this compound was
measured in 15 of the 19 wellsin the first sampling event performed for Phase 11 (2/2006).
This compound is indicative of reductive dechlorination. However, cis-1,2-DCE was
also detected in severa of the monitoring wells, including the upgradient well NMW-2,
prior to the initiation of citric acid injection. This observation suggests that reductive
dechlorination is likely to be occurring (or has occurred in the past) at an upgradient
location, probably within the landfill that is the source area of the plume. It is unclear
how much of the cis-1,2-DCE in the downgradient wells is newly formed from
dechlorination within the plot, or is present primarily from mixing and redistribution of
compound entering the plot from upgradient. Additional discussion concerning TCE
degradation intermediates during Phase |1 and Phase 111 is provided in Section 4.4.3.5.
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Figure 4.15. TCE Levels in Shallow Downgradient Monitoring Wells — Phase |
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Table 4.9. TCE Concentrations (ug/L) in Shallow Monitoring Wells during Phase

| Evaluation.
Date Days | 3631 3632 3628 NMW-1* | NMW-3 | NMW-5 | NMW-7 | NMW-9
9/15/04 -43 1100 1200 1600 450 1200 1300 1700 980
9/30/04 -28 1000 980 1900 500 1400 1300 1700 1200
10/13/04 | -15 730 2200 1600 410 1400 1400 1600 1100
11/3/04 7 1200 1700 2000 460 1700 1500 2400 1400
12/20/04 | 53 780 950 2100 320 1700 940 1800 780
1/3/05 67 2300 2300 2100 280 1900 2200 2200 1400
2/3/05 98 590 2000 1900 200 1600 1300 2100 900
3/23/05 146 1200 2000 3200 250 2300 890 2600 78
5/5/05 188 92 950 1700 210 1400 810 2400 17
8/1/05 275 49 480 1500 170 1200 850 2300 24

* NMW-1 is an upgradient control well

Table 4.10. TCE Concentrations (ug/L) in Deep Monitoring Wells during Phase |

Evaluation.
Date Days | 3627 | 4440 [ 3519 [ 3514 [ 3629 | 3630 | 3633 | NMW- | NMW- | NMW-8 [ NMW-10
2% 4

9/15/04 | -43 | 1500 | 1100 | 1400 | 1500 | 1500 | 1400 | 1100 | 2700 2300 | 1300 1700
9/30/04 | -28 | 1800 | 1500 | 1600 | 1800 | 1700 | 1800 | 1200 | 3000 2000 | 1600 2000
10/13/04 | -15 | 1900 | 1400 | 1400 | 1700 | 1600 | 1700 | 1800 | 2900 2000 | 1400 1900
11/3/04 | 7 2000 | 1400 | 1400 | 1900 | 1900 | 1770 | 1600 | 3100 2600 | 1600 3000
12/20/04 | 53 2200 | 1400 | 1700 | 1800 | 1900 | 1700 | 1700 | 3200 2800 | 2200 2200
1/3/05 | 67 2100 | 1100 | 1500 | 1900 | 2100 | 1800 | 1500 | 3600 2900 | 1800 2400
2/3/05 | 98 1600 | 1100 | 1100 | 1200 | 1500 | 1700 | 1300 | 3500 3300 | 1800 1900
3/21/05 | 146 | 2300 | 2000 | 860 | 2400 | 1800 | 2500 | 2400 | 3000 5000 | 2600 2400
5/5/05 188 | 1200 | 1400 | 1800 | 1900 | 650 | 1400 | 1900 | 2600 5200 | 2000 2000
8/1/05 | 275 | 900 | 1100 | 1600 | 1500 | 680 | 1200 | 1600 | 1300 2900 | 1900 2800

* NMW-2 is an upgradient control well
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4.4.1.5 Phasel: Nitrate and Sulfate

The nitrate concentration throughout the treatment plot averaged 4.8 + 0.6 mg/L (nitrate-
N) prior to system start-up. Nitrate concentrations declined rapidly in many of the
shallow treatment wells after citric acid was added (Figure 4.16; Table 4.11). Nitrate in
wells 3631 and 3632 was below detection (< 0.2 mg/L) after 67 days, and that in further
downgradient wells NMW-7 and NMW-9 reached J values of 0.13 ad 0.10 mg/L,
respectively, by Day 146. When system operation became intermittent due to biofouling
in the HFTW-U, nitrate concentrations increased rapidly in many of the shallow wells.
Interestingly, this increase was much more evident than for perchlorate (See Figure 4.10).
A significant reduction in nitrate was also apparent for many of the deep monitoring
wells, particularly the downgradient wells (Figure 4.17; Table 4.12). In fact, with the
exception of NMW-9, nitrate concentrationsin all of the downgradient wells (Row 2 & 3
deep and shallow) declined to < 0.7 mg/L during theinitial 146 days of the demonstration
(Figure 4.18). Thus, with enough residence time, consistent nitrate treatment appears to
have occurred throughout the vertical profile of the Test Plot.

Perchlorate and nitrate biodegraded simultaneously in many of the wells. In some
pure culture studies, nitrate has been observed to inhibit perchlorate reduction (Farhan
and Hatzinger, 2009; Coates and Achenbach, 2004; Chaudhuri et al., 2002). Based on
net energy yield and competitive inhibition, perchlorate is expected to be utilized after
oxygen and nitrate, but before sulfate in environments where each of these electron
acceptors are present (Hatzinger and Kelsey, 2005; Song and Logan, 2004; Chaudhuri et
a., 2002). However, in field studies, the concurrent degradation of nitrate and
perchlorate has been observed (e.g., Hatzinger et a., 2009). Thus, laboratory
observations, which are primarily gained with pure cultures, may not be particularly
relevant in the field, when a variety of denitrifiers and perchlorate-reducing bacteria are
present, and where biological processes may be segregated within the structure of an
aquifer matrix (see Section 4.4.3.6 for discussion related to aquifer heterogeneity and
process segregation).

Unlike perchlorate and nitrate, significant sulfate biodegradation was not apparent
in the shallow or deep monitoring wells (Table 4.13 & 4.14). During the final sampling
event prior to citric acid injection (Day -7), the average sulfate concentration in all
downgradient wells (excluding upgradient wells NMW1 and NMW2) was 13.6 mg/L,
and on Day 146, the average concentration was 12.9 mg/L.
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Figure 4.16. Nitrate-N Concentrations (mg/L) in Shallow Monitoring Wells during
Phase | Evaluation.
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Figure 4.18. Nitrate-N Concentrations (mg/L) in Shallow and Deep Monitoring
Wells Distant from the HFTWs — Row 2 & Row 3
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Table 4.11. Nitrate-N Concentrations (mg/L) in Shallow Monitoring Wells during
Phase I Evaluation.

Date Days | 3631 3632 3628 NMW-1* [ NMW-3 | NMW-5 | NMW-7 | NMW-9
9/7/04 -51 4.85 4.85 4.89 5.62 5.00 4.28 4.86 5.29
9/15/04 -43 4.49 4.63 4.58 5.18 4.69 4.07 4.55 4.93
9/30/04 -28 4.73 4.95 4.69 5.17 4.71 4.40 4.61 4.86
10/13/04 | -15 4.98 4.86 4.77 5.24 4.80 4.55 4.68 5.07
11/3/04 7 4.68 214 5.33 6.02 5.26 5.15 5.36 5.85
11/17/04 | 20 2.84 0.74 1.39 6.50 2.39 5.59 1.37 6.29
12/1/04 34 2.30 NS 0.90 NS 2.01 NS 0.87 NS
12/20/04 | 53 5.33 4.95 0.75 6.51 1.96 5.56 1.04 491
1/3/05 67 0.20 <0.20 0.75 6.50 1.60 1.80 0.53 243
2/3/05 98 273 <0.20 0.32 5.40 1.39 1.95 0.11J 3.26
3/21/05 146 3.20 211 0.39 5.32 1.36 4.64 0.10J 5.59
5/5/05 188 5.81 3.27 1.67 5.55 2.37 4.75 0.06J 5.84
8/1/05 275 5.45 417 0.86 5.15 2.45 4.31 0.14 5.16

* NMW-1 is an upgradient control well

J isan estimated value that was above the MDL but below the PQL
Table 4.12. Nitrate-N Concentrations (mg/L) in Deep Monitoring Wells during
Phase | Evaluation.
Date Days | 3627 | 4440 | 3519 [ 3514 [ 3629 | 3630 | 3633 | NMW-2* [ NMW-4 | NMW-8 | NMW-

10

9/7/04 | -51 [370 [149 [510 [516 [541 [521 |517 | 244 531 | 464 511
9/15/04 | -43 [ 419 | 253 | 463 | 467 | 499 [478 [493 [222 488 | 4.62 4.87
9/30/04 | -28 [ 472 | 436 | 469 | 452 [493 [489 [495 [233 489 | 465 4.85
10/13/04 | -15 | 482 | 479 | 477 | 474 [507 [498 [516 [237 503 | 4.69 4.97
11/3/04 |7 549 [547 [392 [529 [573 [424 [579 [286 490 [533 5.66
11/17/04 | 20 [ 522 [562 |323 [ 470 [539 [359 [592 [ 298 385 | 139 361
12/1/04 |34 | NS | NS [360 [NS [NS [NS [554 [NS 368 | NS NS
12/20/04 | 53 | 401 | 684 |226 [ 241 [299 [131 [525 [285 218 | 050 1.65
1/3/05 |67 | 205 [210 |307 [081 [169 |054 [530 |[290 240 [ 042 0.52
2/3/05 |98 [190 [230 [295 [214 [274 [117 [370 [235 255 | 040 1.04
3/21/05 | 146 [0.64 [ 203 [405 [054 [329 [027 |292 |261 338 | 013) 0.15J
5/5/05 | 188 [ 236 | <020 | 414 [ 072 [418 [225 [ 155 [ 267 444 | 021 0.29
8/1/05 [275 [205 [210 [307 [08L [169 [054 |530 |290 397 [ 042 0.52

* NMW-2 is an upgradient control well

NS = Not sampled.

J isan estimated value that was above the MDL but below the PQL
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Table 4.13. Sulfate Concentrations (mg/L) in Shallow Monitoring Wells during
Phase I Evaluation.

Date Days 3631 3632 3628 NMW-1* NMW-3 | NMW-5 | NMW-7 | NMW-9
9/7/04 -51 15.0 15.0 144 8.5 13.5 12.9 154 11.6
9/15/04 -43 13.9 13.8 145 9.2 13.4 13.7 141 12.4
9/30/04 -28 13.1 115 135 8.2 13.2 134 141 12.8
10/13/04 -15 14.4 13.7 15.7 8.7 14.0 14.4 155 13.6
11/3/04 7 214 17.6 18.7 10.5 17.0 16.3 175 153
11/17/04 20 29.3 18.8 19.7 9.9 17.5 15.8 17.3 15.7
12/1/24 34 38.6 NS 194 NS 174 NS 19.3 NS
12/20/04 53 19.4 18.5 17.7 9.1 14.7 10.4 17.0 11.9
1/3/05 67 16.3 16.9 16.5 8.8 153 15.6 15.6 11.2
2/3/05 98 441 15.7 145 7.8 13.2 11.2 14.7 10.9
3/21/05 146 21.5 231 145 7.9 135 9.0 15.1 7.9
5/5/05 188 13.8 16.3 124 6.7 10.6 7.9 14.5 74
8/1/05 275 114 12.9 14.3 7.1 12.5 8.8 9.9 7.1

* NMW-1 is an upgradient control well

NS = Not sampled.

Table 4.14. Sulfate Concentrations (mg/L) in Deep Monitoring Wells during Phase

| Evaluation.
Date Days | 3627 | 4440 | 3519 | 3514 | 3629 [ 3630 | 3633 | NMW- | NMW- [ NMW-8 | NMW-10
2% 4

9/7/04 | -51 | 167 | 111 |111 | 104 |104 |113 |[107 | 407 133 | 135 137
9/15/04 | -43 | 134 | 116 | 119 | 126 | 112 |11.7 | 111 | 431 132 | 139 13.1
9/30/04 | -28 | 124 115 |112 | 142 | 113 |11.7 | 106 | 420 128 | 133 122
10/13/04 | -15 | 137 | 121 | 119 | 136 | 124 | 125 | 119 | 466 137 | 143 132
11/3/04 | 7 159 | 138 [ 131 |[161 | 152 | 145 |142 |02 160 | 165 15.6
11/17/04 | 20 174 | 137 | 154 | 166 | 153 | 156 | 136 | 53.6 170 | 202 147
12/20/04 | 53 NS [ NS 148 | NS NS NS 140 | NS 171 | NS NS
1/3/05 | 67 122 | 88 105 | 116 | 135 | 133 [ 117 | 513 148 | 164 116
2/3/05 | 98 128 | 142 |99 |108 [111 [109 |102 | 390 153 | 13.9 10.7
3/21/05 | 146 | 121 | 133 |85 | 116 | 103 | 98 109 | 35.3 136 | 14.3 76
5/5/05 188 | 156 | 7.2 83 | 105 |88 9.3 118 | 334 166 | 109 85
8/1/05 | 275 | 159 | 129 |98 |97 9.2 100 | 11.8 | 331 195 | 8.7 35.1

* NMW-2 is an upgradient control well

NS = Not sampled.
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4.4.1.6 Phase |: Oxidation-Reduction Potential

The average ORP in the shallow monitoring wells during the sampling events prior to
injection of citric acid was ~ + 250 mV (Figure 4.19; Table 4.15). There was an apparent
decline in all wells on Day -15, which was most likely caused by a malfunction in the
field meter. The average ORP values in the shallow wells declined to + 92 mV within 20
days, and then to + 25 mV after both 67 and 98 days of operation, respectively. The ORP
then increased somewhat to ~ +100 mV. At the end of the 275 days of Phase I, the
average ORP in the shallow downgradient wells was + 73 mV. The deep wells
(excluding Well 4440, which had a consistently low ORP, perhaps due to the presence of
an iron casing), had an average ORP of + 225 during the three events prior to system
start-up excluding Day -15 (Days -43, -36, -28) (Figure 4.20; Table 4.16). The ORP
values in the deep wells declined to a mean value of + 84 mV within 20 days, and then to
+ 20 mV after 98 days of operation. At the conclusion of Phase | (275 day), the average
ORP in the deep wellswas + 65 mV.

4.4.1.7 Phasel: Electron Donor Concentrations
Citric acid was added as the sole electron donor to the test plot during the various phases
of this project. However, based on laboratory tests the citric acid is anticipated to be
biodegraded to acetate in situ (See Figure 3.12). Other possible fatty acid intermediates
include lactate, formate and propionate. During the project, fatty acid analysis was
conducted to evaluate electron donor concentrations in the wells. The fatty acids
measured included citrate, lactate, valerate, acetate, formate, butyrate, and propionate.
During Phase I, low concentrations of electron donor were used intentionally to limit the
extent of secondary reactions, such as Mn and Fe reduction. Thus, we did not generally
expect to see measurable concentrations of electron donor in most downgradient wells.
During some sampling events, the anion chromatographs from EPA Method 300 were
reviewed prior to conducting fatty acid analysis, as these compounds el ute as a combined
peak (i.e., they are not separated during EPA 300.0 but are visible) early in the sample
run time. If apeak consistent with combined fatty acids was observed during EPA 300.0,
fatty analysis was conducted by 1C to separate and quantify the fatty acids.

As expected, citrate was not consistently detected in any of the monitoring wells
above the PQL of 2 mg/L during Phase |. The fatty acid was detected at 0.5 mg/L (J
value) in NMW-8 and 3.3 mg/L in NMW-10 on Day 135, and in wells 3514, NMW-7,
and NMW-8 on Day 275 a 0.5 — 0.7 mg/L. Acetate was observed in severd
downgradient wells during the demonstration, particularly towards the end of Phase |
(Table 4.17 and 4.18). Concentrations ranged from < 1 mg/L (J values) to > 20 mg/L.
Formate was detected in very low concentration (< 0.5 mg/L J values) in a few of the
downgradient wells, while lactate and valerate were not detected in any of the wells
during Phase | (PQL 1 mg/L). Propionate and butyrate were detected in Well 4440 on
Day 188, along with acetate and formate.
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Figure 4.19. Oxidation-Reduction Potential (ORP; mV) in Shallow Monitoring
Wells during Phase | Evaluation.
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Table 4.15. Oxidation-Reduction Potential (mV) in Shallow Monitoring Wells
during Phase I Evaluation.

Date Days 3631 3632 3628 NMW-1* NMW-3 | NMW-5 | NMW-7 | NMW-9
9/15/04 -43 289 317 329 48 381 224 328 381
9/22/04 -36 284 243 257 280 288 255 255 286
9/30/04 -28 274 297 292 283 291 269 265 272
10/13/04 -15 125 136 132 24 55 114 154 128
11/3/04 7 305 284 49 267 258 238 136 126
11/17/04 20 78 61 123 114 94 76 98 116
12/20/04 53 88 21 131 111 104 96 124 134
1/3/05 67 -103 -104 105 51 -5 56 119 104
2/3/05 98 28 -51 44 33 16 31 74 41
3/21/05 146 140 124 116 134 75 184 63 134
5/5/05 188 163 175 163 96 177 167 161 174
8/2/05 275 92 66 76 74 72 42 98 67

* NMW-1 is an upgradient control well

Table 4.16. Oxidation-Reduction Potential (mV) in Deep Monitoring Wells during
Phase | Evaluation.

Date Days | 3627 | 4440 | 3519 | 3514 | 3629 | 3630 | 3633 | NMW- NMW-4 NMW-8 | NMW-
2* 10
9/15/04 | -43 | 143 | -37 229 | 98 300 | 323 | 316 | 158 295 365 384
9/22/04 | -36 | 158 | 68 162 | 167 | 266 | 262 | 281 | 273 277 42 285
9/30/04 | -28 | 273 | 76 95 203 | 304 | 289 |316 | 288 286 288 279
10/13/04 | -15 | 65 38 131 | 85 139 | 139 | 118 | 46 146 148 124
11/3/04 | 7 125 | 90 101 | 56 33 80 260 | 245 254 124 129
11/17/04 | 20 105 | 61 60 30 126 | 120 | 72 108 105 101 118
12/20/04 | 53 109 | 121 | 126 | 14 124 1121 |61 109 157 121 132
1/3/05 67 106 | 3 50 103 | 112 | 103 | -93 56 117 108 103
2/3/05 98 12 -12 | -5 -11 | 52 50 -68 41 36 90 61
3/21/05 | 146 | 154 | -473 | 166 | 53 39 64 135 | 146 22 109 -9
5/5/05 188 | 16 -61 1 -20 | 163 | 93 175 | 96 105 106 186
8/2/05 275 |3 69 73 64 75 105 | 95 72 175 73 76

* NMW-2 is an upgradient control well
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Table 4.17. Acetate Concentrations (mg/L) in Shallow Monitoring Wells during
Phase I Evaluation.

Date Days 3631 3632 3628 NMW-1* NMW-3 | NMW-5 | NMW-7 | NMW-9
9/15/04 -43 <1 <1 <1 <1 <1 <1 <1 <1
11/3/04 7 <1 <1 <1 <1 <1 <1 <1 <1
12/20/04 53 <1 <1 <1 <1 <1 <1 <1 <1
1/3/05 67 8.1 10.1 <1 <1 <1 <1 <1l <1
2/3/05 98 <1 8.2 <1 <1 <1 <1 <1 <1
3/21/05 146 <1 <1 <1 <1 <1 <1 <1 <1
5/5/05 188 <1 <1l <1 <1 <1 0.16J <1 0.17J
8/2/05 275 <1 0.65 <1 <1 <1 <1 16.1 <1

* NMW-1 is an upgradient control well
Jisan estimated value that was above the MDL but below the PQL

Table 4.18. Acetate Concentrations (mg/L) in Deep Monitoring Wells during Phase

| Evaluation.
Date Days | 3627 | 4440 | 3519 | 3514 | 3629 | 3630 | 3633 NMW-2* NMW-4 NMW-8 NMW-
10
9/15/04 | -43 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
11/3/04 | 7 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
12/20/04 | 53 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
1/3/05 67 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
2/3/05 98 <1 068 | <1 <1l <1l <1l <1 <1 <1 <1 <1
3/21/05 146 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 8.9
5/5/05 188 <1 695 | <1 <1 <1 <1 0.38J 0.18J 0.21J 0.80J 0.201J
8/2/05 275 <1 094 | <1 047 | <1 <1 <1 <1 <1 20.6 <1

* NMW-2 is an upgradient control well
J isan estimated value that was above the MDL but below the PQL
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4.4.2 Biofouling Treatment and Well Redevelopment

4.4.2.1 Biofouling Treatment

During the initial period of Phase | operation (Day O to Day 105), the citric acid dosing
was programmed to occur as a batch addition once per day. This addition was then
followed by an injection of stabilized chlorine dioxide solution to achieve approximately
10 mg/L of chlorine dioxide in each well for 30 min. The hydraulic head near both
screens of each HFTW (i.e., the injection and extraction screen) were monitored using
transducers to assess biofouling. The pressure/hydraulic head levels near both screen
intervals of each HFTW were stable through 12/09/2004 (Day 42), at which time the
chlorine dioxide system experienced the first of two mechanical failures. The absence of
chlorine dioxide during this period (with continued daily addition of citric acid) resulted
in an appreciable pressure increase in the lower screen of the downflow HFTW (Figure
4.21). The head level increased by approximately 5 ft in the lower screen interval
(injection screen) while the chlorine dioxide system was non-functiona (Day 42-Day 54),
and then continued to increase gradually thereafter. The pressure reading in this zone
reached the maximal level of the installed transducer (~ 70 ft water) on Day 75.
Interestingly, the pressure in the upper zone (extraction screen) of the downflow well also
increased beginning around Day 50. This increase would be inconsistent with biofouling
in this zone as water is being pulled in through the screen, rather than pushed out. Thus,
biofouling in this area should cause a decline in head levels, and a subsequent pressure
drop. The pressure increase in this zone may have actually reflected an increased water
table elevation due to the significant rainfall in the area during the winter of 2004-2005
The water table elevation in the shallow monitoring wells increased by approximately 4.2
ft between 12/20/2004 (Day 42) and 2/03/2005 (Day 98). Most of the increase (~ 3.7 ft)
occurred after 1/03/2005 (Day 67), which is coincident with the time during which the
shallow screen of the HFTW experienced approximately 6 ft of head increase.

An increase in hydraulic head in the upper screen of the upflow well (injection
screen) was also observed beginning around Day 50 (Figure 4.21). The pressure in this
zone gradually increased through Day 100, at which time the transducer reached it's
maximal pressure (~ 30 ft water). The lower screen of the upflow HFTW showed no
appreciable increase or decrease in pressure during the initial phase of testing.

The system was operated under a constant pumping scenario at 6 gpm without
issue despite the pressure increases until late March 2005 (~ Day 150), at which time
leakage was observed through the cap of the upflow well. At this time, the system was
shut down, and various chemical and biological approaches were tested to decrease well
pressure. Initially concentrated chlorine dioxide was added to each well followed by
mixing and incubation for several days. This approach was ineffective. Addition of
concentrated citric acid also proved to be ineffective for decreasing pressure in the

119



upflow well. A third approach, enzyme treatment, did however show significant promise
for removal of biomass.

The application for biofouling treatment of specialty enzymes capable of
dissolving polysaccharides and other polymers was initially investigated in the laboratory
in conjunction with the University of New Mexico (see Section 3.4.4). During laboratory
testing, a mixed enzyme solution derived from Aspergillus niger was observed to be
highly effective at removing biomass from sand columns and restoring flow through sand
columns at low pressure. Based on these data, an enzymatic approach was tested in the
field with the upflow and downflow HFTW. On 6/7/2005, a large dose of citric acid was
added to each well to reduce pH below 5.0, then a 55-L solution of commercial enzyme
(Pectinex Ultra SL; Novozymes North America, Franklinton, NC) was injected in the
upper screen interval of the upflow HFTW. A 20-L solution of laboratory-prepared
enzyme was subsequently injected into the downflow HFTW for comparison. This
second solution was fermented from A. niger at the University of New Mexico. The
enzyme solutions were recirculated, and then alowed to incubate for approximately 14
days to reduce microbia biomass and polysaccharides in the wells. Pressure
measurements taken before and after the enzyme procedure showed pressure decreases of
~ 40 % due to the enzyme treatment. We believe that with more thorough mixing (i.e.,
with a well specifically designed to provide good internal mixing), the effectiveness of
this treatment could be improved further. However, the data suggest that enzymatic
treatment can be useful approach to remove biomass from fouled wells. After the
treatment, full system flow was again achieved (~ 6 gpm in the upflow HFTW and 9 gpm
in the downflow HFTW) without significant |eakage from the upflow well.

Unfortunately, the chlorine dioxide system failed within a week of conducting the
enzyme treatment, and pressure again increased in the HFTW screens. Thus, the long-
term effectiveness of the enzymatic biomass removal could not be readily determined. At
this time, the decision was made to physically redevelop the HFTWSs, and to make system
modifications to prevent leakage from the upflow well. It should be noted that although
biofouling occurred near the lower well screen of the downflow HFTW based on pressure
readings, the design of this well (particularly the ability to pump water through a custom
packer) allowed continuous operation of thiswell for more than 7 months. The operation
was not significantly affected by the pressure increases in the lower screen zone.
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4.4.2.2 Well Redevelopment, System Modification and Restart

The upflow and downflow HFTWs were physically redeveloped in October, 2005 under
Subcontract to Layne Christensen Co., Sacramento, CA. The downflow pumps, packers,
and additional equipment in each well were removed by crane and each well was
subjected to the following redevel opment procedure to remove biomass, mineral deposits
and other materials fouling the well screens:

1. A chemica mixture consisting of QC-21 Well Cleaner (Layne Christensen, Co)
and hydrochloric acid mixed with approximately 4,000 liters of water was added
to each well.

2. Mechanical swabbing was performed for 4 to 6 hrs following chemical injection.

3. The pH in each HFTW was adjusted to between 4.5 and 5.0 SU and a sodium
hypochlorite solution was injected.

4. Steps 2 and 3 were repeated in order.

5. Airlift swabbing and well development were conducted until the total settleable
solids in each well were < 0.05 mg/L (via the Imhoff Cone method; US EPA
Standard Method 2540F; http://www.epa.gov/region09/lab/sops/sop463.html).

The lines, transducers, pumps, and packers were inspected and cleaned by hand. The
transducersin the lower zone of the downflow well and the upper zone of the upflow well
were replaced with new units capable of reading higher pressures. In order to prevent
subsequent issues with the upflow well, a new well cap capable of holding significant
pressure was fitted to the upflow well. The upflow HFTW was aso equipped with a
bypass line to return groundwater directly to the downflow HFTW during any periods of
excessive pressure (> 10 psi). This shunt was designed to ensure that water was not
released to the ground surface through the well cap and to maintain safe working pressure
levels within thiswell.

The system rehabilitation was completed in November, 2005 after several back-
ordered parts were received and installed. A series of additional system maintenance
activities were performed to correct electronic issues associated with the SCADA system.
These issues resulted from the replacement and/or recalibration of the transducers. The
HFTW system was subsequently restarted in a continuous flow mode in late-November,
2005. The second bromide tracer test described in Section 4.4.1.1 was conducted after all
redevelopment work was completed. Phase Il of system operation and testing, described
in the subsequent sections of this report, was conducted after the redevelopment work
was complete.
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Figure 4.21 Pressure Levels in Upper (Top Panel) and Lower (Bottom Panel)
Screens of the HFTWs.
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4.4.3 Phase Il & Phase I11 Operation

4.4.3.1 Phasell Operating Conditions

Once the well rehabilitation was complete, a 15-day bromide tracer test was conducted in
HFTW-D (1/30/2006 — 2/13/2006). The results of this test were detailed in Section
4.4.1.1 and Appendix E. Upon the completion of this test, a second phase (Phase I1) of
treatment was implemented. The key objectives of Phase Il, were primarily (1) to
determine if the electron donor and chlorine dioxide dosing strategy could be modified to
significantly reduce biofouling, which was the magjor O&M issue during Phase 1; and (2)
to evaluate whether the treatment of perchlorate and VOCs could be enhanced from
Phasel. Phase Il was conducted from 2/15/2006 (Day 473) to 7/05/2006 (Day 614).

Electron donor was not injected from the end of Phase | until the beginning of
Phase 1| operation. During Phase Il the HFTWs were operated continuously at a net flow
rate of 6 gpm asin Phasel. All 19 monitoring wells were sampled on 2/13 through 2/14,
2006, to provide baseline concentrations of perchlorate, nitrate, and VOCs for Phase Il.
After this sampling event, citric acid addition was again initiated. The first injection for
Phase 11 occurred on 2/15/2006. Electron donor dosing during Phase 1l was changed
from daily addition (Phase | operation) to larger weekly or twice-per-week doses in order
to evaluate the impact of dosing schedule on well fouling. Larger, less frequent doses of
citric acid are expected to (1) reduce the pH in the vicinity of the injection screens,
possibly killing some bacterial biomass; (2) chelate precipitated iron and manganese, and
(3) provide aless consistent source of carbon for bacterial growth at the injection screens.
On 2/15 — 2/17, 2006, 45L of citric acid was injected into each well. A volume of 15 L
citric acid was added to each well on a weekly basis from this time through 3/16/2006 (~
2X stoichiometry), then this dosing was doubled between 3/27/2006 to 6/20/2006 (~ 4X
stoichiometry), by adding 15 L to each HFTW two times per week (spaced at 3.5-day
intervals). Chlorine dioxide was added to each well on a daily basis (4 — 8 X per day)
from 2/15/2006 — 4/12/2006, then reduced to one dose only after citric acid injection
from 4/12/2006 — 6/20/2006.

In order to optimize rates and extents of TCE degradation within the plot, both the
upflow and downflow HFTW were augmented with bacterial culture SDC-9 on
4/05/2006. Each well received approximately 36L of the concentrated inoculum, which
contained 2.7 X 10° cells of Dehalococcoides per mL based on gPCR analysis. This
culture was grown in a 4,000 L fermentor located in the Shaw’s Lawrenceville, NJ
laboratory, then concentrated approximately 10X prior to shipping to the site. Doses of
citric acid (15 L) were added to each well before and after the inoculation in order to
lower redox as much as possible (doses added on 4/4/2006; 4/5/2006; 4/7/2006,
4/12/2006). One of the potential issues with Dehalococcoides inoculation of the HFTW
treatment wells is the constant influx of oxygenated water to the system during active
pumping. Inoculation of downgradient monitoring wells (where reduction potential and
dissolved oxygen are generaly lower) was considered as a secondary option, but the
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analytical data from these monitoring wells could then be considered compromised, so
this was not performed. Preliminary studies showed that SDC-9 could utilize citric acid
as an electron donor during reductive dechlorination (Figure 4.22), and the decision was
made to inoculate into the HFTWs despite the expected presence of oxygen in the
groundwater.

4.4.3.2 Phase |1l Operating Conditions

A final mode of HFTW system operation (Phase I11) was implemented for three months
from 9/11/2006 — 12/01/2006. The objective of this phase was to determine whether the
system could be effectively operated in an “active-passive” mode, whereby the HFTW
treatment wells are used primarily for mixing electron donor, and the system is turned off
between mixing times. We were interested in understanding whether this mode of system
operation would result in consistent reduction in perchlorate levelsto < 4 pg/L, enhanced
reductive dechlorination of TCE, and the potential for significantly reduced system O &
M costs and better long-term operation due to minimal pumping times. During this phase,
the HFTW treatment wells were operated in a 15-day cycle consisting of 3 days of active
pumping followed by 12 days in passive (non-pumping) mode. During the active period,
citric acid was added to both HFTWs as an electron donor in three 12-h pulses (followed
by chlorine dioxide as a biocide), resulting in the addition of approximately 60 L of
electron donor per 12-h cycle and 180-L per injection event. Each HFTW was operated
at a net flow rate of 6 gpm. The 15-day cycle was repeated 6 times during the 3-month
test period, and three sampling events were performed. An initial sampling round was
conducted prior to beginning the active-passive operation (9/6/2006) to provide a
baseline, and a final round was performed on 1/08/2007. The system was shut-down at
the end of the sixth round of citric acid injection, which was completed on 12/1/2006.
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Figure 4.22. Biodegradation of TCE and Resulting cis-DCE by Culture SDC-9 after
Growth on either Citrate or Lactate.
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4.4.3.3 Phasell & Il1: Perchlorate Treatment
A total of nine groundwater sampling events were performed during Phase || & Phase Il
operation. These sampling events included one background event prior to each phase,
four events to measure system performance in Phase Il and three events to measure
system performance in Phase |11 (see Table 3.6). Perchlorate concentrations rebounded
appreciably in most shallow monitoring wells between Day 275, the last day for sampling
in Phase I, and Day 472, (the background sampling event conducted just prior to the
initiation of Phase Il (Table 4.19). Values in most wells increased from < 100 pg/L on
Day 275 to > 900 ug/L on Day 472. It is interesting to note however, that perchlorate
concentrations in most of the shallow wells on Day 275 were appreciably below their
initial concentrations prior to system start-up and electron donor addition, which
generally exceeded 2,000 ug/L (Day -51; Table 4.3). As was observed in Phase I,
perchlorate concentrations in all of the downgradient shalow wells declined rapidly
during Phase Il (Figure 4.23; Table 4.19). Perchlorate reached 12 pg/L in well 3632 on
Day 555 (~ 80 days after injection commenced), but values generally did not go below
detection, but rather ranged from ~ 30 - 110 ug/L in the various wells despite increased
electron donor of ~ 4 X stoichiometry in the HFTW-U through most of the Phase Il
treatment. This electron donor dosage was increased from a maximum of 2.5X
stoichiometry during Phase .

Perchlorate concentrations generally remained low in the shallow wells during the
Phase |1l “active-passive” testing. Perchlorate concentrations in a few of the wells,
including 3631 and 3632 , reached lower concentrations during Phase 111 than in either
Phase | or Phase Il testing. In fact the perchlorate concentration in Well 3632 was < 4
ug/L during the final 3 sampling eventsin Phase I1l. The enhanced perchlorate reduction
in these two wells during Phase 111 may reflect an increased residence time of water in
this region of the aguifer while the HFTWs are not pumping. Both wells are directly
downgradient of the HFTW-U (see Figures 3.24 and 4.1), and are likely to receive a
significant continuous influx of upgradient groundwater (i.e., with perchlorate, nitrate,
and oxygen) during active pumping of the HFTW system. With the system shut down
during “passive” treatment, there is a greater potentia reaction time in the vicinity of
these wells, as upgradient water is not circulated through the plot. This increased
reaction time probably resulted in the significantly lower perchlorate concentrations in
this region observed during Phase I11. The other shallow wells are further downgradient,
and thus much less impacted by the pumping system.

The consistent decline in perchlorate throughout the entire shallow aquifer during
Phase Il confirmed that, even with much more periodic dosing of electron donor (i.e,
from daily during Phase | to 1 or 2 times per week during Phase Il), the HFTW system
operated well as a treatment technology in the shallow zone. Moreover, the data from
Phase I11 suggest that perchlorate treatment can be achieved by using the HFTW system
intermittently as a vehicle to mix electron donor with the contaminated groundwater.
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Even in side-gradient well NMW-5, perchlorate concentrations remained low (i.e., < 100
ug/L) throughout Phase 111 despite the fact that the system was not pumped continuously.
This suggests that the wide “capture” zone of the system was maintained during the
“active-passive” phase. It should be noted, however, that longer-term operation under this
regimen is necessary to determine whether the wide capture zone remained consistent
over severa months or years. The ability to operate this system several days per month
rather than continuously could appreciably reduce the O&M costs associated with
biofouling and well redevelopment, which is the most significant issue with this design.

The perchlorate concentrations in the shallow zone on Day 801 represent a 96 +
4 % reduction in dissolved perchlorate from the starting concentration in each well prior
to Phase | (Day -7) and an average 94 + 3% reduction from perchlorate concentrations
prior to Phase Il (Day 472) (Figure 4.24). Thus, perchlorate treatment in the shallow
zone was very effective. However, with the exception of Well 3632, perchlorate
concentrations < 4 ug/L were not generally achieved in the shallow zone during Phase |1
and Phase |1l. Rather, perchlorate concentrations stabilized between ~ 40 to 80 ug/L in
most wells. Interestingly, alow residual concentration of contaminant was also observed
during cometabolic treatment of TCE using a HFTW system (McCarty et al., 1998). The
low residual contaminant is attributed primarily to competitive interactions between
toluene (the cosubstrate) and TCE during biodegradation by toluene-oxidizing strains. In
this case, competitive inhibition between nitrate and perchlorate could contribute the low
residual perchlorate concentrations observed in the shallow zone. Other factors that
could contribute include the following (1) inadequate or inconsistent concentrations of
electron donor due to the periodic dosing regimen and/or competition with competing
electron acceptors and (2) mixing of non-treated and treated groundwater, potentially
within the screen interval of the well (i.e., due to heterogeneities in the aquifer) (see
Section 4.4.3.6 for discussion).

Interestingly, in Phase Il and particularly Phase 1ll, declines in sulfate
concentrations, TCE concentrations, and increases in both soluble iron and manganese
were apparent in many wells that still had residual perchlorate. For example, in NMW-7,
perchlorate concentrations ranged from 26 — 117 ug/L during operation in Phases |1 & |11
(declining from 992 ng/L on Day 472 at the beginning of Phase Il). During the same
period, sulfate concentrations declined from 22.6 mg/L (Day 472) to as low as 2.6 mg/L
(Day 760), soluble Fe increased from 186 to 1810 ug/L, soluble Mn increased from 430
to 2150 pg/L, and TCE concentrations declined from 2500 to 470 png/L. Moreover, in
thiswell, residual acetate concentrations ranging from 16 to 183 mg/L were present from
the end of Phase Il (Day 614) to the end of Phase Il (Day 801) even though perchlorate
never reached < 4 ug/L in the well. This observation, which is discussed further in
Section 4.4.6, suggests that appreciable quantities of electron donor were utilized by
sulfate-reducing, as well as Fe- and Mn-reducing bacteria, even though low quantities of
perchlorate were still present.
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Perchlorate concentrations in many of the deep wells declined between Day 275
(the final day of Phase I) and Day 472 (the background sampling event prior to Phase I1)
(Table 4.20). Thisisin contrast to data from the shallow wells, most of which showed a
significant rebound during this interim period. The data suggest that perchlorate
continued to slowly biodegrade in the deep zone throughout the interim period in which
well rehabilitation tests and well redevelopment were conducted. Considering only the
Phase Il and Phase Ill data, however, the perchlorate concentrations in the deep
downgradient monitoring wells showed a much less consistent pattern of decrease than
did the shallow wells during the same interval (Figure 4.25; Table 4.19). Perchlorate
declined appreciably in wells NMW-8, 3630, and 4440 during the two phases. In
addition, the far downgradient wells 3514 and 3627, showed appreciable declines in
perchlorate at the end of Phase I1l1. Wells 3633, 3519, and 3629 showed no pattern of
consistent decline. However, based on tracer testing, two of these wells (3633 and 3629)
were observed to not be well connected to the HFTW system (see Figure 4.9 and
Appendix E). Rather, significant dispersion of the tracer cloud was apparent for these
wells suggesting that the water from the HFTW was significantly diluted with untreated
water. It is also possible that more of the fluid (water with electron donor) injected into
the HFTW-D was short-circuiting directly to the HFTW-U than predicted by model
simulations (i.e., horizontal flow in Figures 3.22 and 3.23). Thus, the amount of water
and electron donor entering the downgradient deep zone may have been less than
anticipated based on the flow and transport model predictions. This type of short-
circuiting could also account for the low concentrations of tracer reaching some of the
deep wells, such as 3633 and 3629.

Despite the somewhat inconsistent decline in perchlorate among the deep
downgradient wells, the overall percentage reduction in the deep zone on Day 801 was
80 + 39 % from the starting perchlorate concentration in each well prior to Phase | (Day -
7) (Figure 4.26) and an average 52 + 29% reduction from perchlorate concentrations at
the end of Phase | (Day 275). If one only considers the Row 2 and Row 3 wells (i.e., the
6 deep wells furthest downgradient from the HFTWs as shown in Figure 4.1), the total
perchlorate reduction during the 801 day demonstration was 88 + 9%. Thus, reasonable
perchlorate treatment occurred in the deep zone, particularly considering results from the
far downgradient wells, although the final concentration in this zone was higher than in
the shallow wells and the results were clearly not as consistent.
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Figure 4.23. Perchlorate Levels in Shallow Downgradient
Monitoring Wells — Phase Il & 111.
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Figure 4.24. Perchlorate Levels in Shallow Downgradient Monitoring
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Figure 4.25. Perchlorate Levels in Deep Downgradient

Monitoring Wells — Phase 1l & 111.
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Table 4.19. Perchlorate Concentrations (ug/L) in Shallow Monitoring Wells during

Phase Il and Phase 111 Evaluation.

Date Days 3631 3632 3628 NMW-1* NMW-3 | NMW-5 | NMW-7 | NMW-9
8/01/05 275 56 99 228 1570 80 76 44 49
Phase Il

2/14/06 472 1550 1540 932 4880 4170 1080 992 607
4/03/06 520 1000 1120 428 3530 62 28 52 69
5/08/06 555 209 12 68 1460 79 31 117 105
7/05/06 614 110 40 67 1290 62 67 107 64
Phase 111

9/06/06 677 933 1040 49 1080 74 72 76 78
10/11/06 712 40 <25 15 861 97 51 41 63
11/28/06 760 36 <25 33 755 136 33 26 58
1/08/07 801 42 <25 67 710 321 76 90 52

* NMW-1 is an upgradient control well

Table 4.20. Perchlorate Concentrations (ug/L) in Deep Monitoring Wells during

Phase Il and Phase 111 Evaluation.

Date Days | 3627 | 4440 | 3519 | 3514 | 3629 | 3630 | 3633 | NMW-2* | NMW-8 NMW-4 | NMW-10
8/01/05 275 | 1060 | 1060 | 2390 | 677 | 1600 | 2130 | 2160 1480 <25 5000 1500
Phase 11

2/14/06 472 | 1370 | 607 | 1620 | 782 898 | 1370 | 1940 700 861 4050 474
4/03/06 520 360 775 | 2140 | 658 253 298 | 1220 1400 53 4450 462
5/08/06 555 | 1080 | 450 | 1940 | 1025 | 992 315 | 1202 1250 3 4720 592
7/05/06 614 | 1050 | 330 | 1940 | 1320 | 960 | 1120 | 1560 1320 502 4460 1070
Phase 111

9/06/06 677 | 1400 | 481 | 2110 | 1360 | 849 939 93 1350 92 4040 1260
10/11/06 | 712 924 400 | 2010 | 1100 | 790 45 1860 1060 11 3740 1230
11/28/06 | 760 711 377 | 1910 | 915 730 35 1280 1130 36 4320 690
1/08/07 801 574 546 | 2235 | 355 809 148 515 1190 <25 5000 727

* NMW-2 is an upgradient control well
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4.4.3.4 Phasell & I11: Mobilization of Iron and Manganese
Soluble Iron (Fe) and Manganese (Mn) were sampled on Day 472 at the beginning of
Phase Il to evaluate background concentrations of each metal after the system had been
shut down for well rehabilitation. Fe concentrations were below 200 pg/L in al wells
(except 4440 and 3514, which had naturally high background values and are excluded
from further discussion) at the beginning of Phase Il (Figure 4.27; Tables 4.21 & 4.22).
The next sample for analysis of soluble Fe was collected at the beginning of Phase 11|
(Day 677). At thistime, all of the shallow and deep downgradient wells had Fe levels
below 30 pg/L, except NMW-8, which had a concentration of 556 ug/L Thus, any Fe
mobilized during the Phase Il operation was below detection by the beginning of the
“active-passive” operation in Phase Il1l. During Phase Il1, significant quantities of Fe
were mobilized in the treatment plot. Four of the shallow wells and three of the deep
wells had concentrations exceeding 1000 pug/L on Day 760, with two wells exceeding
30,000 pg/L. These data are not surprising given that large doses of citric acid were
added during Phase 11, and the system was only operated intermittently. With higher
electron donor concentrations and less thorough and continuous mixing, it is likely that
an excess of electron donor would result in some regions of the treatment cell. These
would subsequently promote biological reduction of Fe and Mn, as well as sulfate. Itis
important note however, that Fe concentrations declined significantly in most of the wells
by the final sampling event on Day 801. This occurred between the final citric acid
injection cycle, which was competed on 12/1/2006 (Day 763), and the final event. Thus,
the mobilized iron appeared to quickly re-precipitate in the aquifer once the citric acid
and daughter products were consumed.

With the exception of afew wells (3628, 3630, NMW-7), Mn concentrations were
below 100 pg/L at the beginning of Phase Il (Day 472) (Tables 4.23 & 4.24; Figure 4.28).
However, as with soluble Fe, Mn concentrations increased significantly in numerous
wells during the “active-passive” operation in Phase I11. Concentrations in several wells,
including 3628, 3629, 3632, 3633, NMW-7, NMW-8 were near or exceeded 3,000 ug/L
on Day 760 in Phase Il1l. These were by far the highest Mn concentrations observed
during the course of the 801-day operational period, as shown in Figure 4.28. Aswith Fe,
however, Mn concentrations dropped significantly in most of these wells by Day 801, the
final sampling event conducted approximately 40 days after the last citric acid injection
was complete.
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Figure 4.27. Soluble Iron Levels in Downgradient Monitoring Wells
during the Entire Demonstration.
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Table 4.21. Iron Concentrations (ug/L) in Shallow Monitoring Wells during Phase
Il & Phase 111 Evaluation.

Date Days 3631 3632 3628 NMW-1* NMW-3 | NMW-5 | NMW-7 | NMW-9
5/05/05 188 <27 <27 <27 <27 <27 <27 <27 <27
Phase 11

2114006 | 472 | <27 | <27 | <27 | 33 | 94 | <27 | 18 | <27
Phase 111

9/06/06 677 <30 <30 <30 <30 <30 <30 <30 <30
11/28/06 760 <27 6870 2520 86 29 <27 1810 39000
1/08/07 801 10000 <145 <145 <145 <145 <145 1810 <145

*NMW-1 is an upgradient control well.
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Table 4.22. Iron Concentrations (ug/L) in Deep Monitoring Wells during Phase |
Evaluation.

Date Days | 3627 4440 3519 | 3514 | 3629 | 3630 | 3633 | NMW-2* | NMW-8 NMW-4 | NMW-10
05/05/05 | 188 28 41000 | 88 | 4700 | <27 | <27 | <27 80 276 <27 34
Phase 11

214106 | 472 | <27 | 841 [ <27 [2120] 102 | <27 [ <27 | <27 | 74 | 50 | 52
Phase 111

9/06/06 677 <30 518 <30 | 725 | <30 | <30 | <30 <30 556 <30 <30
11/28/06 | 760 | 37000 | 5890 | <27 | 268 | 170 | 1300 | <27 <27 1400 54 <27
1/08/07 801 <15 <15 | <15 | 197 | 3130 | <15 | <15 <15 2610 <15 <15

*NMW-2 is an upgradient control well
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Soluble Manganese (ng/L)

Figure 4.28. Soluble Manganese Levels in Downgradient Monitoring

Wells during the Entire Demonstration.
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Table 4.23. Manganese Concentrations (ug/L) in Shallow Monitoring Wells during
Phase Il and Phase 111 Evaluation.

Date Days | 3631 3632 3628 NMW-1* | NMW-3 | NMW-5 | NMW-7 | NMW-9
5/05/05 | 188 0.40 44 88 17 23 0.3 452 0.50
Phase Il
2/14/06 |472 | 41 | 22 | 1040 | o066 | 69 | <011 | 430 <0.11
Phase I11
9/06/06 | 677 <0.11 0.59 734 <0.11 11 <0.11 818 <0.11
11/28/06 | 760 <0.11 5260 6680 <0.11 16 89 2790 390
1/08/07 | 801 4720 92 <0.50 <0.50 15 <0.50 2150 <0.50
*NMW-1 is an upgradient control well.
Table 4.24. Manganese Concentrations (ug/L) in Deep Monitoring Wells during
Phase Il and Phase 111 Evaluation.
Date Days | 3627 | 4440 [3519 [3514 [3629 [3630 | 3633 | NMW-2* [ NMW-4 | NMW-8 | NMW-
10
5/05/05 | 188 30 |[189%0 |15 131 <011 | 72 20 2.2 0.57 715 250
Phase 11
2/14/06 |472 | 12 | 552 | 55 | 97 | 118 | 171 | 1120 | <011 <0.11 <0.11 68
Phase 111
9/06/06 | 677 011 [ 205 33 25 | <011 ] 225 35 <0.11 <0.11 1340 <0.11
11/28/06 | 760 499 | 522 1850 15 | 380 | 1640 | 3790 <0.11 0.19 2980 <0.11
1/08/07 | 801 0.50 32 0.50 23 2050 | 050 93 <0.50 <0.50 3010 <0.50

*NMW-2 is an upgradient control well.

4.4.3.5 Phasell & Phaselll: Treatment of Chlorinated Solvents

The Phase | system operation was designed primarily to determine whether perchlorate
reduction was possible without significant mobilization of Fe and Mn as secondary
groundwater contaminants. To achieve this end, electron donor was added only in
moderate stoichiometric excess. The quantities of electron donor and the redox
conditions achieved were not generally low enough to promote significant reductive
dechlorination. However, even under these conditions, appreciable losses of TCE were
observed in several of the plot’s shallow monitoring toward the end of Phase | operation.
(see Figure 4.15; Table 4.9).

During Phase I, and more significantly, Phase 111, the quantities of electron donor
added to the plot were increased. The Phase Il operation was used in large part to
determine if the system operation could be optimized to provide perchlorate reduction
with less biofouling, since this became the most important O&M consideration during
Phase I. However, electron donor addition was increased appreciably in Phase 111, and
the system was shut down periodically so that upgradient water was not continuously
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brought into the treatment plot. In addition, a commercia culture containing
Dehalococcoides spp. (SDC-9) was injected into the HFTWs during Phase Il in order to
enhance reductive dechlorination.

TCE concentrations in many of the shallow wells declined significantly during
Phase Il and Phase I11 (Table 4.25, Figure 4.29 & 4.30). There was a 76 + 23% reduction
in total TCE in al of the shallow wells from the beginning of Phase Il (Day 472) to the
end of Phase Ill (Day 801). If Wells NMW-3 (between HFTWs) and NMW-5 (side-
gradient well) are excluded, so that only the downgradient wells are considered, then the
percent loss increases to 87 + 14 %, with average final concentrations being 323 ng/L.
Among the shallow wells, the lowest TCE concentration was observed in the far
downgradient well NMW-9, which reached 19 ug/L during the final sampling event.
Unlike Phase I, cis-1,2-DCE (the initial reductive degradation product of TCE) was
detected at high concentrations (>1,000 ug/L) in three of the shallow wells (3628, 3632,
and NMW-7) (Table 4.27) This degradation product was also observed in the other
shallow wells at lower concentrations. Cis-1,2-DCE was not detected in the upgradient
well (NMW-1). Vinyl chloride (VC) was only detected during the last sampling event
(Day 801) in Well 3632. All other wells were below the RL of 5 pg/L during Phase |1
and Phase 1. Itisdifficult to accurately determine role of the SDC-9 culture in reducing
TCE concentrations throughout the shallow zone without having a control plot in which
only electron donor was added. The culture was added primarily to ensure that
Dehalococcoides spp. were present in the treatment plot, and because TCE
dehalogenation has been observed to stall at cis-1,2-DCE during reductive dechlorination
in this aguifer (Geosyntec, 2003; Hatzinger et al., 2008) However, the rapid and
significant decline in TCE during the months after SDC-9 injection in many of the
shallow wells suggests that the bioaugmentation procedure enhanced the dechlorination
kinetics (e.g., Figure 4.29 & 4.30).

The TCE concentrations in a number of the deep downgradient monitoring wells
also declined from the beginning of Phase Il to the end of Phase |11 (Table 4.26, Figure
4.31 & 4.32). Most notably, the TCE concentration in the far downgradient wells NMW-
8 and 3514 declined significantly, with NMW-8 falling from 2500 ug/L at the beginning
of Phasell to 42 ng/L at the end of Phase Il (> 98 %). However, aswith perchlorate, the
average decline in TCE concentrations in the deep monitoring wells was appreciably less
than in the shallow wells. As noted for perchlorate, this may reflect (1) the possibility
that several of the deep wells were not well connected to either the HFTW-U or the
HFTW-D or (2) that there was higher than anticipated interflow between the HFTWs,
perhaps with significant short-circuiting of injected fluid from the HFTW-D to the
HFTW-U.

Interestingly, 1,1-DCE was detected in several of the monitoring wells throughout
the demonstration, at levels ranging from 28 to 270 pg/L (Tables 4.29 & 4.30). This
compound is not generally considered a common daughter product from reductive
dechlorination of TCE. However, one of the Dehalococcoides strains that has received
extensive study in the laboratory (D. ethenogenes 195) has been observed to produce 1,1-
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DCE as a transient intermediate during reductive dechlorination of chlorinated ethenes
(Mayo-Gattell et a., 1999). It should also be noted, however, that 1,1-DCE can be
formed by other mechanisms, including the abiotic dechlorination of both TCE and 1,1,1-
TCA. Like cis-1,2-DCE, this compound was present at the beginning of the
demonstration in several wells, and in upgradient well NMW-2 throughout Phase 11 and
Phase I11. Thus, the data suggest that it is likely to have formed upgradient (either from
biological dechlorination or via an abiotic mechanism) and to have migrated through the
plot.

1,1-DCE was present in 7 of the 9 shallow monitoring wells at the beginning of
Phase Il (Day 472), although not in shalow upgradient well NMW-1, perhaps because
the source of this CVOC was deeper in the formation prior to being redistributed by the
HFTW pumping system. 1,1-DCE was present at ~ 200 pug/L in NMW-2 (the deeper
upgradient well), for the duration of Phase | and Phase Il (Table 4.30). During Phase I1
and Phase |11, 1,1-DCE declined appreciably in concentration in all of the shallow wells
downgradient wells, reaching < 5 ug/L in all on Day 760. There was rebound in a few
shallow wells by Day 801 (the final sampling event after system shut-down), but the data
suggest that 1,1-DCE was biodegraded in the plot, particularly during the “active-
passive” regimen implemented in Phase Il1l. The Dehalococcoides-containing culture
SDC-9 has been observed to degrade this compound along with TCE and cis-1,2-DCE
(pers comm. Rob Steffan). There was no clear pattern of change in 1,1-DCE
concentrations among the deep wells in Phase Il and Phase |11, although the highest
concentrations were generally observed in the upgradient wells (NMW-2 and NMW-4),
and several deep downgradient wells, including 3514, 3519, 3629, and 3630,
concentrations were < 5 ug/L during many of the sampling events. Overal, the data
suggest that 1,1-DCE was entering the plot from upgradient, rather than produced as a
degradation intermediate, and that, at least in the shallow aquifer, the compound was
significantly biodegraded during Phase |1 and Phase 111 operation.
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Figure 4.29. TCE Levels in Shallow Downgradient Monitoring Wells during Phase
Il & Phase I11.
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Figure 4.30. TCE Levels in Shallow Downgradient Monitoring Wells during the
Entire Demonstration.
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Figure 4.31. TCE Levels in Deep Downgradient Monitoring Wells during the Entire
Demonstration.
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Figure 4.32. TCE Levels in Deep Downgradient Monitoring Wells during Phase 11
& Phase Il1I.
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Table 4.25. TCE Concentrations (ug/L) in Shallow Monitoring Wells during Phase
Il and Phase 111 Operation.

Date Days 3631 3632 3628 NMW-1* NMW-3 | NMW-5 | NMW-7 | NMW-9
8/01/05 275 49 480 1500 170 1200 850 2300 24
Phase Il

2/14/06 472 2200 2300 2300 490 2300 2200 2500 2200
4/03/06 520 2300 2700 2500 490 2400 2500 2600 2200
5/08/06 555 370 2700 2700 240 2300 1900 2600 1500
7/05/06 614 150 1200 1600 200 1500 940 1700 30
Phase 111

9/06/06 677 130 300 1400 190 1100 1000 2100 33
10/11/06 712 79 280 1100 180 2200 1400 1300 20
11/28/06 760 170 210 240 130 970 660 470 17
1/08/07 801 130 220 280 160 1500 1000 970 19

* NMW-1 is an upgradient control well

Table 4.26. TCE Concentrations (ug/L) in Deep Monitoring Wells during Phase Il and
Phase 111 Operation.

Date Days | 3627 | 4440 | 3519 | 3514 | 3629 | 3630 | 3633 | NMW-2* | NMW-8 NMW-4 | NMW-10
8/01/05 275 900 | 1100 | 1600 | 1500 | 680 | 1200 | 1600 1300 1900 2900 2800
Phase 11

2/14/06 472 790 | 1600 | 2100 | 1500 | 1000 | 1600 | 2400 2800 2500 5000 1300
4/03/06 520 650 | 1900 | 2500 | 1400 | 1100 | 990 | 1900 1600 2200 5200 1100
5/08/06 555 590 | 1600 | 2400 | 2100 | 1100 | 790 | 2200 3100 2900 5300 1400
7/05/06 614 750 | 1200 | 1800 | 1600 | 1100 | 1600 | 2100 2600 1000 2200 2600
Phase 111

9/06/06 677 2000 | 1500 | 2300 | 1700 | 1000 | 1700 | 2500 3300 2300 6100 2800
10/11/06 | 712 1700 | 1400 | 2300 | 1600 | 1200 | 770 | 2400 2300 1100 5300 3000
11/28/06 | 760 710 780 | 1900 | 1000 | 760 690 | 1600 2400 480 4100 1200
1/08/07 801 660 | 1200 | 2800 | 390 | 1100 | 1800 | 1000 3100 42 5300 1600

* NMW-2 is an upgradient control well
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Table 4.27. Cis-1,2-DCE Concentrations (ug/L) in Shallow Monitoring Wells during
Phase Il and Phase 111 Evaluation.

Date Days 3631 3632 3628 NMW-1* NMW-3 | NMW-5 | NMW-7 | NMW-9
8/01/05 275 ND ND 30J ND ND ND 58J ND
2/14/06 472 54 ND 57J ND 61J 67J 597 72
4/03/06 520 ND ND <5 ND ND ND 56J ND
5/08/06 555 ND ND <5 ND 51J 51J 55J ND
7/05/06 614 ND 99J 85J ND 52 ND 160 ND
9/06/06 677 3J ND 97J ND ND ND 94 ND
10/11/06 712 16 460 1100 ND 53J ND 190 ND
11/28/06 760 23 1700 1000 ND ND 570 1300 ND
1/08/07 801 ND 840 ND ND 483 <5 1200 ND

* NMW-1 is an upgradient control well
ND- not detected above MDL

Jis an estimated value that was above the MDL but below the PQL

Table 4.28. Cis-1,2-DCE Concentrations (ug/L) in Deep Monitoring Wells during
Phase Il and Phase 111 Evaluation.

Date Days | 3627 | 4440 3519 3514 3629 3630 3633 NMW- NMW-8 | NMW-4 | NMW-
2* 10
8/01/05 | 275 | 22 75 ND 433 ND ND ND ND ND 50J ND
2/14/06 | 472 | 65J | 110J ND 96J ND 40J | 100J 79 65J 527 841
4/03/06 | 520 ND 96J ND ND ND ND ND ND ND ND ND
5/08/06 | 555 ND 180 ND 98J ND ND ND 80J ND 69J ND
7/05/06 | 614 ND 140 ND 60J ND 79 75 5517 560 ND 491J
9/06/06 | 677 ND 95 ND 170J ND ND 56J 571 340 60J ND
10/11/06 | 712 | 68J 260 ND 100 ND 770 597 447 490 547 473
11/28/06 | 760 ND 170 ND 150 ND 370 370 ND 1400 ND ND
1/08/07 | 801 ND 160 ND 370 ND 250 800 521 920 79 ND

* NMW-2 is an upgradient control well
ND- not detected above MDL

J isan estimated value that was above the MDL but below the PQL
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Table 4.29. 1,1-DCE Concentrations (ug/L) in Shallow Monitoring Wells during
Phase 11 and Phase 111 Evaluation.

Date Days 3631 3632 3628 NMW-1* NMW-3 | NMW-5 | NMW-7 | NMW-9
8/01/05 275 ND ND 457 ND 4337 ND 98J ND
2/14/06 472 100J 110J 100J ND 971 89J 110J 797
4/03/06 520 99J 120J 110J ND 897 100J 110J 86J
5/08/06 555 ND 240J 140 ND 120 120 140 ND
7/05/06 614 ND 58J 68 J ND 69J ND 89J ND
9/06/06 677 4] ND ND ND 483 ND 100J 3J
10/11/06 712 ND ND 140 ND 110J ND 711] 2]
11/28/06 760 ND ND ND ND ND ND ND ND
1/08/07 801 ND ND ND ND 457 ND 110J ND

* NMW-1 is an upgradient control well

ND- not detected above MDL
J isan estimated value that was above the MDL but below the PQL

Table 4.30. 1,1-DCE Concentrations (ug/L) in Deep Monitoring Wells during Phase
Il and Phase 111 Evaluation.

Date Days | 3627 4440 3519 | 3514 | 3629 3630 3633 NMW-2 | NMW-4 | NMW-8 | NMW-10
8/01/05 | 275 68 ND | 26J | 52 ND ND 36J 457 110 76J 140
2/14/06 | 472 | 100J | 39J | ND | 39J ND ND 67J 270 96J 100J 467
4/03/06 | 520 ND ND ND ND ND ND ND 120J 100J 78J ND
5/08/06 | 555 ND ND ND ND ND ND ND 260 140 150J ND
7/05/06 | 614 | 48J | 51J | ND | 42J | 34J 51J 69J 180 ND 62 J 160
9/06/06 | 677 93J ND ND ND ND ND 740 210 130 120J 190J
10/11/06 | 712 89J | 68J | ND | 32J ND 62 J ND 180 130 67J 200
11/28/06 | 760 ND ND ND ND ND ND ND 170 ND ND ND
1/08/07 | 801 65J | 55J | ND ND 34J 69J 53J 200 100J 36J 110J

* NMW-2 is an upgradient control well

ND- not detected above MDL
J isan estimated value that was above the MDL but below the PQL
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4.4.3.6 Phasell & IlI: Nitrate and Sulfate

The nitrate concentration throughout the treatment plot averaged 4.8 + 0.6 mg/L (nitrate-
N) prior to system start-up in Phase I. Nitrate concentrations declined rapidly in many of
the shallow treatment wells after citric acid was added, and then increased slowly during
the period of intermittent operation at the end of Phase | (see Figure 4.16 and Table 4.11).
Interestingly, however, the nitrate concentrations in many of the shallow wells in the
treatment plot actually declined from the end of Phase | to the beginning of Phase Il
(Figure 4.33 & 4.34; Table 4.31). At the conclusion of Phase | (Day 275), the average
nitrate-N concentration in al shalow treatment plot wells was 3.2 mg/L. At the
beginning of Phase Il (Day 472), the average nitrate-N concentration in these wells was
only 0.8 mg/L. This average concentration declined further to 0.4 mg/L by Day 520,
which was the first sampling event in Phase Il after citric acid addition was resumed. The
decline in nitrate-N during the “No addition” period when well rehabilitation was
conducted runs counter to the trends observed with the other anions of interest,
perchlorate and sulfate, as well as with TCE. All of these compounds increased in
concentration when the treatment plot was inactive.  In addition, a similar decline was
not observed in upgradient well NMW-1, which remained > 5 mg/L nitrate-N during all
of Phase Il and Phase Il (Table 4.31). The stable concentrations in the upgradient well
appears to rule out dilution of nitrate from rainfall events or other natural aquifer recharge
processes, and suggests that the nitrate was biodegrading during the inactive phase,
possibly coupled to the re-oxidation of minerals that were reduced in Phase |. After the
first several weeks of Phase 11, when nitrate-N in the shallow zone reached an average
value of 0.4 mg/L, the concentrations of nitrate-N in a number of the shallow wells
increased, and then fell significantly again during Phase 111 (see Figure 4.33).

With the exception of Well 3630, nitrate-N concentrations in the deep wells
remained reasonably constant during the period of “No Addition” prior to Phase Il. This
is in contrast to the shallow wells, as described previously. Nitrate-N declined
significantly in severa of the wells, particularly Wells 3514, 3630, and 3633, during
Phase 11l. In addition, nitrate-N remained near or below detection in well NMW-8
throughout Phase 1l and Phase Ill. However, nitrate-N in severa treatment wells,
including 3519, 3629, 3627, and NMW-10 did not show a consistent pattern of decline
during Phase Il or Phase Ill. Not surprisingly, perchlorate treatment was also generally
poor in these wells during Phases Il & 111 (see Figures 4.25 & 4.26). The quantities of
electron donor reaching these wells were apparently insufficient to allow biological
reduction of nitrate and perchlorate during the latter phases of the study.

During Phase I, significant sulfate degradation was not generally observed in the
shallow or deep monitoring wells (Table 4.13 & 4.14). The tight control of electron
donor concentration and constant mixing through operation of the HFTW system
appeared to limit this process. In contrast, significant sulfate reduction was indicated
during Phases Il and 11l when electron donor addition was increased. During the final
sampling event prior to citric acid injection (Day -7), the average sulfate concentration in
all downgradient wells (excluding upgradient wells NMW1 and NMW2) was 13.6 mg/L
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(24.5 mg/L in the shallow wells and 11.8 mg/L in the deep wells). At the end of Phase |
testing (Day 275), the mean concentration in the wells was 13.2 mg/L (11.0 mg/L in the
shallow wells and 13.4 mg/L in the deep wells). This concentration rose marginally
during the period of well rehabilitation (i.e., no addition). At the beginning of Phase I,
the concentration of sulfate averaged 18.0 mg/L overall, with 21.8 mg/L in the shallow
wells and 14.0 mg/L in the deep wells (Figures 4.37 — 4.40, Tables 4.33 & 4.34). After
increasing further to an average of 25 mg/L at Day 420 in Phase |1, sulfate concentrations
declined consistently in both the shallow and deep wells during the reminder of Phase Il
and Phase I11. At the conclusion of Phase |1l (Day 801), the mean sulfate concentration in
all of the test plot wells was 9.3 mg/L, comprising an average of 7.3 mg/L in the shallow
wells and 9.7 mg/L in the deep wells. Even if the increase in sulfate in the beginning of
Phase Il is not excluded, the data indicate that appreciable sulfate reduction occurred in
many of the treatment plot wells during Phase Il and Phase 111.

The general paradigm for the microbial utilization of common electron acceptors
(O, NOg, CIOq4, Fe(lll), SO4, CO,) is that these compounds will be used in order, based
upon potential energy yield (Fig. 4.39; e.g., ITRC, 2008; Hatzinger and Kelsey, 2005).
This is often true for single organisms that are capable of using multiple electron
acceptors, and for very well mixed systems with microbial communities (e.g., flask
studies in laboratories). However, in the field, it is common for some of these processes
to appear to occur simultaneously, primarily due to the effects of aguifer heterogeneity.
Rather than being a well-mixed system, an aquifer istypically very heterogeneous, and as
a result, is characterized by widely variable local reaction conditions when an electron
donor is introduced (Fig. 4.41; see Kopinke et a., 2005 for discussion related to aquifer
heterogeneity and process segregation). In zones of the aquifer that are highly permeable
and well connected to the electron donor injection well, the electron donor may be
present in high concentration, and subsequently result in the sequential reduction of each
of the electron acceptors shown in Fig 4.41. In other regions however, electron donor
may not mix with groundwater during the course of the demonstration due to low
permeability, poor connectedness to the injection well, or other factors. As aresult, little
degradation occurs in these zones. When groundwater is sampled from a broadly
screened well, asis typical for most field studies, including this one, zones with varying
degrees of local reaction may be represented in the collected sample, as shown in Fig
4.42. Asaresult, partial degradation of various electron acceptors, including perchlorate,
nitrate, and sulfate, may be observed in the sample. This appears to be the case for many
wellsin Phase Il and Phase I11 of this demonstration.

During Phase I, when the electron donor concentration was tightly regulated and
the system was pumped constantly, NO3z and ClO, appeared to biodegrade simultaneously,
but there was only a minor reduction of Fe (I11), Mn(1V) or SO4throughout the test plot
based on analytical data. Simultaneous reduction of NOz and ClIO, in field studies has
been reported previously (e.g., Hatzinger et al., 2009). Although some perchlorate

145



reducing strains are inhibited by NOs others are not, so both processes may occur
simultaneously in the same local regions of an aquifer (Coates and Achenbach, 2005;
Farhan and Hatzinger, 2009). However, it is also possible that local heterogeneity
resulted in the apparent simultaneous reduction of these anions. During Phase 11, when
citric acid was added in large pulses, and in Phase |11, when large pulses were added and
the system was shut down for the “active-passive” operation, it is likely that the mixing
of citric acid within the test plot was not as efficient asin Phase . As a result, severd
different electron accepting processes occurred during these phases, resulting in the
mobilization of dissolved Fe and Mn, as well as apparent sulfate reduction. In addition,
the fact that perchlorate appeared to persist at low concentrations in wells that exhibited
significant sulfate reduction as well as excess electron donor (e.g., Wells NMW-8 and
3633) suggests the presence of heterogeneous conditions within the test aquifer, with
different electron-accepting reactions occurring, based on electron donor distribution and
other factors. In awell mixed system, it would be very unusual for sulfate reduction to
occur while significant perchlorate is still present. Thus, it is likely that these processes
were segregated.

Figure 4.33. Nitrate-N Concentrations (mg/L) in Shallow Monitoring Wells during
Phase 11 and Phase Il Evaluation.
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Figure 4.34. Nitrate-N Concentrations (mg/L) in Shallow Monitoring Wells during the
Entire Demonstration.
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Figure 4.35. Nitrate-N Concentrations (mg/L) in Deep Monitoring Wells during
Phase | and Phase 11 Evaluation.
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Figure 4.36. Nitrate-N Concentrations (mg/L) in Deep Monitoring Wells during the
Entire Demonstration.
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Table 4.31. Nitrate Concentrations (mg/L) in Shallow Monitoring Wells during
Phase Il and Phase 11 Evaluation.

Date Days 3631 3632 3628 NMW-1* NMW-3 | NMW-5 | NMW-7 | NMW-9
8/01/05 275 5.45 417 0.86 5.15 2.45 431 0.14) 5.16
Phase I1

2/14/06 472 214 2.07 0.55 5.38 0.36 <0.20 <0.20 0.18J
4/03/06 520 0.53 0.84 <0.20 5.85 0.44 <0.20 <0.20 0.23
5/08/06 555 579 0.98 <0.20 6.25 0.50 111 0.13J) 3.00
7/05/06 614 5.33 1.85 0.90 5.82 1.68 434 <0.20 5.89
Phase 111

9/06/06 677 5.32 5.27 2.22 5.79 3.22 431 0.48 4.94
10/11/06 712 4,70 <0.20 0.69 6.17 0.83 3.50 0.36 5.31
11/28/06 760 4.67 <0.20 1.05 6.06 2.87 212 0.25 4,98
1/08/07 801 5.36 0.18J 4,90 6.22 3.48 477 0.62 475

* NMW-1 is an upgradient control well

Jisan estimated value that was above the MDL but below the PQL

Table 4.32. Nitrate Concentrations (mg /L) in Deep Monitoring Wells during Phase
Il and Phase 111 Evaluation.

Date Days | 3627 | 4440 | 3519 | 3514 | 3629 3630 3633 NMW-2* | NMW-8 | NMW- | NMW-
4 10

8/01/05 275 2.60 150 | 395 | 0.70 3.69 2.29 2.34 2.60 <0.20 3.97 2.58
Phase 11

2/14/06 472 2.29 129 | 407 | 0.92 3.49 0.80 2.28 2.72 0.10J 4.04 1.03
4/03/06 520 2.78 114 | 471 | 1.08 3.25 0.25 1.94 2.98 0.10J 456 1.79
5/08/06 555 4.66 0.70 | 457 1.69 317 | <020 | 1.49 3.01 <0.20 452 1.26
7/05/06 614 3.02 044 | 4.00 | 245 2.34 1.00 1.22 2.89 0.17J 4.19 2.78
Phase 111

9/06/06 677 3.04 123 | 393 | 1.85 3.00 2.04 2.07 2.84 <0.20 423 2.83
10/11/06 712 2.62 1.05 | 464 | 1.86 3.10 0.66 2.50 2.93 <0.20 4.40 3.03
11/28/06 760 2.84 113 | 441 141 297 | <020 | 1.02 2.69 <0.20 434 2.17
1/08/07 801 3.08 194 | 474 | <0.20 | 3.13 | <0.20 | 043 2.88 <0.20 4.56 2.78

* NMW-2 is an upgradient control well

J isan estimated value that was above the MDL but below the PQL

149




Figure 4.37. Sulfate Concentrations (mg/L) in Shallow Monitoring Wells during
Phase Il and Phase 111 Evaluation.
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Figure 4.38. Sulfate Concentrations (mg/L) in Shallow Monitoring Wells during the
Entire Demonstration.
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Figure 4.39. Sulfate Concentrations (mg/L) in Deep Monitoring Wells during Phase
Il and Phase 111 Evaluation.
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Figure 4.40. Sulfate Concentrations (mg/L) in Deep Monitoring Wells during the
Entire Demonstration.
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Table 4.33. Sulfate Concentrations (mg/L) in Shallow Monitoring Wells during
Phase Il and Phase 11 Evaluation.

Date Days 3631 3632 3628 NMW-1* NMW-3 | NMW-5 | NMW-7 | NMW-9
8/01/05 275 114 12.9 14.3 7.1 12.5 8.8 9.9 7.1
Phase Il

2/14/06 472 23.6 24.2 23.0 8.0 20.7 19.4 22.6 19.0
4/03/06 520 29.9 36.8 35.0 10.0 27.4 30.5 32.7 29.4
5/08/06 555 12.8 24.9 26.9 9.0 254 255 275 18.7
7/05/06 614 85 14.9 13.3 6.6 14.2 8.9 14.8 6.3
Phase 111

9/06/06 677 7.4 7.4 12.7 57 115 8.4 14.2 7.0
10/11/06 712 7.3 53 4.6 5.9 18.7 11.8 10.2 7.1
11/28/06 760 7.4 1.1 3.4 55 12.5 4.9 2.6 6.6
1/08/07 801 7.5 2.3 8.0 5.0 11.0 8.3 6.4 7.5

* NMW-1 is an upgradient control well

Table 4.34. Sulfate Concentrations (mg/L) in Deep Monitoring Wells during Phase
Il and Phase 111 Evaluation.

Date Days | 3627 | 4440 | 3519 | 3514 | 3629 3630 | 3633 NMW-2* | NMW-8 | NMW-4 | NMW-10
8/01/05 275 15.9 12.9 9.8 9.7 9.2 10.0 11.8 33.1 8.7 24.3 35.1
Phase 11

2/14/06 472 19.8 15.3 11.3 | 123 11.5 13.7 15.5 36.0 22.0 18.4 14.4
4/03/06 520 26.6 22.6 151 | 176 16.3 16.9 215 422 315 28.6 21.1
5/08/06 555 13.0 19.8 12.9 16.1 14.3 9.3 18.5 38.7 29.5 27.7 19.7
7/05/06 614 14.2 12.8 11.3 | 105 12.3 14.3 14.3 33.3 4.8 23.7 34.4
Phase 111

9/06/06 677 18.7 12.8 9.2 9.6 10.4 12.8 12.9 29.8 135 21.7 30.8
10/11/06 712 15.1 12.0 9.4 8.9 11.6 11.7 13.7 34.1 4.2 24.5 34.5
11/28/06 760 14.9 8.7 8.9 9.0 10.4 7.18 8.4 32.7 3.3 21.8 22.8
1/08/07 801 14.3 10.8 9.3 34 10.6 9.8 5.0 309 <0.2 21.6 21.8

* NMW-2 is an upgradient control well
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Figure 4.41. General Sequence of Typical Electron-Accepting Reactions (modified
from Hatzinger and Kelsey, 2005). Reactions at the top of the chart yield more energy
when coupled to the reduction of atypical electron acceptor, and occur at a higher
oxidation-reduction potential (ORP).

tE+ A O, — H,0 } Aerobic Respiration
. NO, — N, }Denitrification
(<))
> Clo, — CI- }Perchlorate Reduction
>
(@)
E Fe(lll) — Fe(ll)} Iron Reduction
SO, — H,S }Sulfate Reduction
+ CO, — CH, }Methanogen&eis
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Figure 4.42. Simplified Schematic of an Aquifer with Various Reactive Zones. The
monitoring well intercepts multiple zones, resulting in a mixture of groundwater from

each zone in varying percentages.

Monitoring Well

Aquifer zones

Unreactive zone:
No ED, NO; persists

NOB- %

-

Reactive zone: Some ED,
NO; gone, CIO, reacting

CI 04- — CI'

Highly reactive zone:

SO4= - st

Excess ED, NO;, CIO, gone.

154

Broad Screen Interval:
Sampling across
Various aquifer zones,
Groundwater from

all zones represented.



4.4.3.7 Phasell & 111:Oxidation-Reduction Potential

The average ORP in the shallow monitoring wells during the sampling events prior to
injection of citric acid was ~ + 250 mV (Figure 4.19; Table 4.15). At the end of the 275
days of Phase I, the average ORP in the shallow and deep downgradient wells was
averaged + 72 mV. This average value increased dlightly during the beginning of Phase
Il to + 86 mV on Day 520, but then declined and remained between approximately — 30
mV at the end of Phase Il (Day 614) to ~ +40 mV at the End of Phase I1l (Day 801)
(Figures 4.43 - 4.46; Tables 4.35 & 4.36). These lower values are expected due to the
increased addition of electron donor in Phase Il and Phase 111, and they are within the
range that is normally expected for reduction of perchlorate, nitrate, and sulfate. It is
interesting to note that the ORP values in the upgradient wells NMW-1 & NMW-2,
although generally higher than many of the treatment wells, did decline somewhat during
system operation.

Figure 4.43. Oxidation-Reduction Potential (ORP; mV) in Shallow Monitoring
Wells during Phase | Evaluation.
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Figure 4.44. Oxidation-Reduction Potential (ORP; mV) in Shallow Monitoring Wells
during the Entire Demonstration.
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Figure 4.45. Oxidation-Reduction Potential (ORP; mV) in Deep Monitoring Wells
during Phase I Evaluation.
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Figure 4.46. Oxidation-Reduction Potential (ORP; mV) in Deep Monitoring Wells
during the Entire Demonstration.
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Table 4.35. Oxidation-Reduction Potential (mV) in Shallow Monitoring Wells
during Phase Il and Phase 111 Evaluation.

Date Days 3631 3632 3628 NMW-1* NMW-3 | NMW-5 | NMW-7 | NMW-9
8/01/05 275 92 66 76 74 72 42 98 67
Phase Il

2/14/06 472 12 2 64 51 53 -64 64 78
4/03/06 520 155 86 -51 158 104 128 153 151
5/08/06 555 -41 -86 33 88 42 -5 84 44
7/05/06 614 -28 -44 -11 -24 -46 -83 52
Phase 111

9/06/06 677 20 56 60 77 62 51 20 40
10/11/06 712 11 12 8 35 -34 5 9 38
11/28/06 760 211 -40 -1 78 128 122 -29 5
1/08/07 801 93 46 -11 92 77 33 -19 60

* NMW-1 is an upgradient control well

Table 4.36. Oxidation-Reduction Potential (mV) in Deep Monitoring Wells during

Phase Il and Phase 111 Evaluation.

Date Days | 3627 | 4440 | 3519 | 3514 | 3629 | 3630 | 3633 | NMW-2* NMW-8 | NMW-4 | NMW-10
8/01/05 275 3 69 73 64 75 105 95 72 73 82 76
Phase 11

2/14/06 472 183 76 71 191 70 64 11 60 46 53 70
4/03/06 520 9 54 46 22 107 153 93 175 -48 148 160
5/08/06 555 -33 21 -16 3 -65 -84 -85 90 -54 85 66
7/05/06 614 10 12 3 8 10 -49 -68 -26 -100 -39 -41
Phase 111

9/06/06 677 6 61 61 2 55 70 37 87 -44 80 63
10/11/06 712 13 61 70 10 28 40 10 14 30 -34 21
11/28/06 760 -65 11 20 -63 160 -37 -20 60 40 158 25
1/08/07 801 88 80 70 94 -40 -9 8 97 -53 88 75

* NMW-2 is an upgradient control well
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4.4.3.8 Phasell & 111: Electron Donor Concentrations

Citric acid was added as the sole electron donor to the test plot during the various phases
of this project. However, based on laboratory tests the citric acid is anticipated to be
biodegraded to acetate in situ (See Figure 3.11). Other possible fatty acid intermediates
include lactate, formate and propionate. During the project, fatty acid analysis was
conducted to evaluate electron donor concentrations in the wells. The fatty acids
measured included citrate, lactate, valerate, acetate, formate, butyrate, and propionate.
During Phase I, low concentrations of electron donor were used intentionally to limit the
extent of secondary reactions, such as Mn and Fe reduction. Thus, we did not generally
expect to see measurable concentrations of electron donor in most downgradient wells.
During some sampling events, the anion (EPA 300.0) chromatographs were reviewed
prior to conducting fatty acid analysis, as these compounds elute as a combined peak (i.e.,
they are not separated during EPA 300.0 but are visible) early in the sample run time. If
a peak consistent with combined fatty acids was observed during EPA 300.0, fatty
analysis was conducted by I C to separate and quantify the fatty acids.

As expected, citrate was not consistently detected in any of the monitoring wells
above the PQL of 2 mg/L during Phase |. The fatty acid was detected at 0.5 mg/L (J
value) in NMW-8 and 3.3 mg/L in NMW-10 at on Day 135, and in wells 3514, NMW-7,
and NMW-8 on Day 275 a 0.5 — 0.7 mg/L. Acetate was observed in severd
downgradient wells during the demonstration, particularly towards the end of Phase |
(Table 4.17 and 4.18). Concentrations ranged from < 1 mg/L (J values) to > 20 mg/L.
Formate was detected in very low concentration (< 0.5 mg/L J values) in a few of the
downgradient wells, while lactate and valerate were not detected in any of the wells
during Phase | (PQL 1 mg/L). Propionate and butyrate were detected in Well 4440 on
Day 188, along with acetate and formate.

During Phase Il and Phase 111, electron donor concentrations were increased, as
detailed previously in Section 4.4.3.1. At the end of Phase I, acetate was detected in
wells NMW-7 and NMW-8, and during Phase |11, the fatty acid was consistently present
in shallow wells 3628, 3632 and NMW-7, and was detected at 78 mg/L in side-gradient
Well NMW-5 toward the end of Phase |1l (Table 4.37). For the deep wells, acetate was
consistently detected in NMW-8, and was detected on one occasion in both 3514 and
3630.
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Table 4.37. Acetate Concentrations (mg/L) in Shallow Monitoring Wells during
Phase Il and Phase 111 Evaluation.

Date Days 3631 3632 3628 NMW-1* NMW-3 | NMW-5 | NMW-7 | NMW-9
8/01/05 275 <1.0 0.6J 0.9J <1l <1 <1l 16 <1l
Phase I1

4/03/06 520 <1 <1 <1 <1 <1 <1 <1 <1
5/08/06 555 <1 <1 <1 <1 <1 <1 <1 <1
7/05/06 614 18.6 <5 13.8 <1l <1l <1 <1 <1
Phase 111

10/11/06 712 <5 50 102 <5 <5 <5 16 <5
11/28/06 760 <5 164 165 <5 <5 78 183 <5
1/08/07 801 <1 175 4.6 <1l <1l <l 83 <1

* NMW-1 is an upgradient control well
J isan estimated value that was above the MDL but below the PQL

Table 4.38. Acetate Concentrations (mg/L) in Deep Monitoring Wells during Phase
Il and Phase 111 Evaluation.

Date Days | 3627 4440 3519 3514 3629 3630 3633 NMW-2 | NMW-4 | NMW-8 | NMW-
10
8/01/05 275 <1 0.9J <1 0.5 <1 <1 <1 <1 <1 21 <1
Phase Il
4/03/06 520 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
5/08/06 555 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
7/05/06 614 <1 <1 <1 <1 <1 26 <1 <1 <1 <1 <1l
Phase 111
10/11/06 | 712 <5 <5 <5 25 <5 <5 <5 <5 <5 58 <5
11/28/06 | 760 <5 <5 <5 <5 <5 14 <5 <5 <5 175 <5
1/08/07 801 <1 <1 <1 <1 <1 <1 <1 <1 <1 136 <1

* NMW-2 is an upgradient control well
J isan estimated value that was above the MDL but below the PQL
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4.4.4 Biofouling Control - Phase 11 & 111

4.4.4.1 Biofouling Control-Phase I

As described previoudly, during Phase |l operations the HFTWs were operated in
continuous flow mode at an average flow rate of 6 gpm. The frequency and amount of
electron donor and chlorine dioxide injections were varied to assess the apparent impact
of different amendment addition strategies on controlling well biofouling.

During the initial 56 days of Phase Il operations (Day 473 — Day 529), excluding
the days immediately before and after the injection of Dehalococcoides spp. (SDC-9)),
electron donor injections were conducted every seventh day. During this same period
(excluding the day of and following the injection of Dehalococcoides spp. (SDC-9))
chlorine dioxide was injected in small doses several times per day. After 56 days the
amendment injection strategies were modified to inject a smaller pulse of electron donor
every 3.5 days, followed by a single pulse of chlorine dioxide into each well. The regular
pulsing of chlorine dioxide during the days between electron donor injections was
discontinued. This mode of operation was maintained for the HFTW-D throughout the
remainder of Phase Il operations. For the HFTW-U, daily pulses of chlorine dioxide
were restored on Day 544 (71 days into Phase I1) and continued for the remainder of
Phase Il operations.

Figure 4.47 depicts the typical injection zone pressure for each HFTW just prior
to and during Phase |1 operations. On-going mechanical issues impacted the injection of
chlorine dioxide at various times throughout Phase Il, however, some general trends
appear to be represented by the pressure data. Both wells indicated an initial decline in
injection zone pressures associated with the initiation of electron donor and chlorine
dioxide injections, as compared to pressures measured during the second bromide tracer
period proceeding Phase Il.  This pressure drop was most pronounced in the HFTW-U,
which declined from a pressure of ~40 ft of water to ~25 ft of water. Both wells generally
responded well to the initial operating mode (days 1 through 56 in Phase IlI) where
electron donor was added in alarge infrequent pulse, and chlorine dioxide was added in a
series of small pulses severa times per day. Pressures remained fairly stable, although
the HFTW-U appeared to experience a steady increase in pressure from the mid-20’s to
around 40 ft of water at day 56 of Phase Il operation. This increase in injection zone
pressure was very similar to the head increase measured in the upper zone of the HFTW-
D (also shown on Figure 4.47), indicating that some, if not most, of this increase in
pressure within the upper zone can be attributed to natural precipitation and increased
aquifer saturation within this same zone during this operating period. The winter season
in the Rancho Cordova area is the wet season, so this trend appears consistent with
normal precipitation patterns. A fairly rapid increase in pressure can be seen in the
injection zone of both wells between days 19 and 23 in Phase |1, which appears to be
related to a period of mechanical problems associated with the chlorine dioxide unit that
resulted in reduced or no injection of chlorine dioxide. Pressures in both of the wells
declined appreciably after the chlorine dioxide system was repaired and daily chlorine
dioxide injections were restored.
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System injection pressures became much less stable following the implementation
of the reduced chlorine dioxide injection cycles (one injection following the injection of
electron donor with no regular injections during the days in between). The pressure in the
HFTW-D increased from around 135 ft of water on day 56 of Phase Il to 160 ft of water
on day 113 of Phase Il. The rate of pressure increase in the HFTW-U appeared to be
even more rapid with an increase of over 20 ft of water (~40 ft to >60ft) during the first
12 days of modified system operation. Chlorine dioxide was manually injected into the
HFTWs and the wells were temporarily shutdown in an effort to reverse the pressure
increases. The system operating mode was re-set to restore frequent daily pulses of
chlorine dioxide into the HFTW-U. However, upon re-start, the chorine dioxide system
malfunctioned resulting in several cycles of electron donor addition with little or no
corresponding chlorine dioxide injection. This caused injection pressures to spike to over
95 ft of water by day 75 of Phase 1. Following this date, the chlorine dioxide system was
repaired and operated normally for several weeks, resulting in regular daily pulses of
chlorine dioxide into the HFTW-U and a reduction in injection zone pressures back down
into the mid-40 ft of water range by around day 86 of Phase II. Beginning around day 93
of Phase Il chlorine dioxide system malfunctions brought on a second rapid increase in
pressure within the HFTW-U that ultimately lead to several other system malfunctions
and the termination of Phase Il operations.

Based on the various pressure trends observed during Phase Il operations, it
appears that an operating mode which entail injection of large, infrequent doses (one or
two per week) of electron donor, coupled with small, frequent doses (several per day) of
chlorine dioxide can be utilized to provide relatively stable injection zone pressures and
may provide a good long-term operating condition for this type of in situ treatment
system.

4.4.4.2 Biofouling Control- Phase 111
As noted previously, during Phase I11 the HFTW treatment wells were operated in a 15-
day cycle consisting of 3 days of active pumping followed by 12 days in passive (non-
pumping) mode. During the active period, citric acid was added to both HFTWs as an
electron donor in three 12-h pulses (followed by chlorine dioxide as a biocide), resulting
in the addition of approximately 60 L of electron donor per 12-h cycle and 180-L per
injection event. Each pulse of electron donor was followed by a 10-min pulse of chlorine
dioxide. The 15-day cycle was repeated 6 times during the 3-month test period.

Injection zone pressures were monitored during each active pumping/electron
donor injection period to assess system performance trends during Phase 111. Figure 4.48
depicts the average injection pressures that were observed within each HFTW. The
average Phase |11 injection pressures were similar to or less then the injection pressures
observed during the initial Phase |1 operations (~25 to 40 ft of water in HFTW-U and 125
to ft of water in HFTW-D) and were substantially below the pressures that were being
observed during the final weeks of Phase |1 (See Figure 4.47 for Phase 11 pressure trends).
Thisis believed to be related to the chelating effect created when the large doses of citric
acid are being injected.
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When comparing the average injection zone pressures during each Phase |11 event
somewhat contradictory trends are noted in the HFTW-U and HFTW-D data. The
average injection pressure in the HFTW-U increased over the first 4 events by severa
feet of water (from ~34 ft of water during event #1 to ~46 ft of water during event #4).
During this same period, the pressures in the HFTW-D initially increased (from ~126 ft
of water during event #1 to ~143 ft of water during event #2) before returning to the mid-
120 ft of water range by event #4. A concentrated pulse of chlorine dioxide was injected
into each HFTW between events #4 and #5 in an effort to reverse the increasing injection
pressure trend within the HFTW-U. This effort appeared to partidly reverse the
increasing pressure trend within the HFTW-U, however, the injection pressures remained
in the low to mid-140 ft of water range during the final two events. The average pressures
within the HFTW-D did decline slightly over the final two events. The pressures did not
impact system pumping or operation during the “active’ phase.

The trends from Phase Il indicate that, from an O&M perspective, an
active/passive operating mode coupled with large doses of electron donor followed by
doses of chlorine dioxide could be an effective long-term operating strategy for this type
of treatment system.
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Figure 4.47. Well Pressures (ft of H,O) and ClO; Injection Schedule during Phase
Il Operation. The symbol u-HFTW-UZ refers to the upper screen interval of the upflow
HFTW and d-HFTW-UZ and d-HFTW-LZ refer to the upper and lower screen intervals
of the downflow HFTW, respectively. Day 0 of Phase Il operation is Day 473 of overall
system operation.
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Figure 4.48. Well Pressures (ft of H,O) and ClO; Injection Schedule during Phase
111 “Active-Passive” Operation.
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5.0 COST ASSESSMENT

The horizontal flow treatment well (HFTW) approach can be used to replace traditional
groundwater extraction with above-ground treatment, and discharge or re-injection
approaches. Other competing innovative technologies could include trench installed or
injected permeable reactive barriers, as well as paired extraction and re-injection wells
where the extracted water is pumped to the ground surface, mixed with amendments, and
then re-injected into the formation to deliver amendments and promote in situ
degradation of the target dissolved phase contaminant(s) of concern. Detailed
descriptions of these alternate approaches, their limitations, and relative costs are
provided in Stroo and Ward (2008).

The HFTW approach is ideally suited for layered lithologic units where one or
more of the target treatment zones are >50 ft below ground surface and where re-injection
of contaminated water (e.g., extracted groundwater with electron donor added) is either
prohibited due to water usage/rights concerns or subject to regulatory injection permits.
Longer treatment time frames, high contaminant concentrations, secondary reaction
concerns (e.g. metals mobilization, sulfate reduction, etc.) may also present conditions
favorable for utilizing an HFTW approach, since electron donor addition and mixing
rates can be adjusted more easily then with injected or trench installed permeable reactive
barrier approaches (which often utilize very high concentrations of slow-release electron
donors, such as emulsified oils of mulch). For shalower target treatment zones and
shorter treatment durations, trenched or injected permeable reactive barriers may be more
cost effective then HFTWs. For sites where extracted water can be discharged directly to
surface water, storm water systems, or sanitary sewer systems, groundwater extraction
and ex-situ treatment may be more cost effective.

In order to evaluate the cost of a potential full-scale HFTW treatment system and
compare it against traditional remedial approaches, costs associated with site selection,
site characterization, treatability testing, site modeling, system design, system
installation/startup, operations, maintenance, monitoring, and reporting were tracked
throughout the course of demonstration project. Table 5.1 summarizes the total cost of
the demonstration project. The costs have been grouped by categories as recommended in
the Federal Remediation Technologies Roundtable Guide to Documenting Cost and
Performance for Remediation Project (FRTR, 1998). Many of the costs shown on this
table are a product of the innovative and technology demonstration/validation aspects of
this project, and would not be applicable to a full-scale site application. Therefore, as
described below, these costs have been excluded or appropriately discounted from the
subsequent remedial technology cost analysis and comparison.
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Table 5.1. Demonstration Cost Components for HFTW In Situ
Treatment of Perchlorate in Groundwater.

CAPITAL COSTS COST (US 9)

1 | Modeling (AFIT) $ 152400
2 | System Design $ 55,700
3 | System Installation - Material/Subcomtracts $ 252,500
4 | System Installation - Labor $ 49,800
5| Trave $ 5,000
Sub-Total | $ 515,400

OPERATION AND MAINTENANCE COSTS
1 | Sampling and System O&M - L abor $ 90,500
2 | Equipment $ 7,900
3 | Consumables $ 4,900
4 | Analytical - In-House Labor $ 71,600
5 | Analytical - Outside Lab $ 7,300
6 | Travel $ 3,500
7 | Reporting $ 52,600
Sub-Total | $ 238,300

OTHER TECHNOLOGY-SPECIFIC COSTS
1 | Site Selection $ 76,000
2 | Site Characterization $ 119,400
3 | Treatability Studies $ 74,800
Sub-Total | $ 270,200
TOTAL COSTS | $ 1,023,900
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5.1 Cost Model

For purposes of this cost assessment, the costs associated with full-scale implementation
of a HFTW barrier are discussed and compared against traditional groundwater
extraction, above grade biological treatment using a fluidized bed reactor design (GWET-
FBR), and re-injection of the treated water into the subsurface. Only those costs related
the post remedial investigation and feasibility study (RI/FS) elements have been
considered for each remedia approach. Any elements that are standard industry practices
and are deemed to be similar in scope and cost for the HFTW and GWET-FBR
approaches (e.g. conceptual site modeling, treatability testing, etc.) are described briefly
within this document, but have been excluded from the cost analysis and comparison.

The following sections discuss the various post-RI/FS elements that are common
to both remedia approaches and identify those elements that are included within the cost
analysis’comparison portion. For comparison purposes, a base case has been developed
using parameters similar to those present at the Aerojet HFTW-demonstration site
location. Costs have been broken into capital, operations and maintenance (O&M), and
monitoring costs over a projected 30 yr remediation period. The O&M and monitoring
costs were discounted, using a 3% discount rate, to develop Net Present Value (NPV)
estimates of future costs (DoD, 1995) for each remedia option. Post remediation and
decommissioning costs were not included in this analysis.

5.1.1 Hydrogeologic Testing

Prior to implementing HFTW or groundwater extraction and treatment systems, basic
hydrogeological testing is recommended. This normally includes pump tests to confirm
field scale aquifer parameters such as hydraulic conductivity, storage coefficient, and
zone of influence or capture for different pumping or injection scenarios. The amount
and type of testing typicaly recommended is similar for both the HFTW and
groundwater extraction and treatment remedial aternatives being considered in this cost
assessment/comparison, therefore, this factor is not discussed in detail in this report.

5.1.2 Treatability and Pilot Testing

Since bacteria capable of degrading perchlorate are common to most sites, biological
treatment is likely to be a viable approach for the in situ and ex situ biological treatment
of this compound. However, biological degradation performance has been shown to be
dependent upon a number of factors such as the choice of electron donor, pH, and other
conditions. Therefore, a simple bench-scale microcosm study where a series of replicates
are run to compare the degradation achieved by a variety of common electron donor
compounds is recommended to confirm the choice of electron donor and assess the
potential need for additional amendments such as pH buffering compounds or others. The
preliminary microcosm testing may include electron donor sources that are available
locally and can be obtained inexpensively. Inthose cases where initial microcosm results
indicate no or minimal biological degradation of perchlorate, further bench-scale testing
may be required to assess other parameters affecting biological performance such as pH
buffering, nutrient deficiencies, or other factors. Additionally, field scale pilot testing
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may be necessary prior to finaizing the design of the remedial system to assess sizing,
operational, and cost parameters (e.g. electron donor addition and consumption rates,
metals mobilization, etc) under actual field conditions.

Similarly, bench-scale treatability testing is normally recommended for assessing
typical ex situ treatment technologies such as ion exchange (technology not discussed in
detail in this report) or biologically based treatment systems such as FBRs. For FBR
treatment systems, the same suite of microcosm studies described above may be
sufficient. In some cases bench-scale or field-scale pilot studies may be recommended to
refine equipment design, operating parameters, and costs (both capital and operating).
Since both treatment approaches are biologicaly based, the basic elements and costs of
the treatability and pilot studies are similar for each treatment technology, this cost factor
is also excluded from detailed consideration and discussions in this report.

5.1.3 System Design, Installation, and Start-up (Capital Costs)

The design, installation, and start-up process and related costs vary considerably between
the HFTW and GWET-FBR/re-injection approaches. Therefore, the various design,
installation, and start-up elements and costs, are described and compared within this
document. Since these are one-time, up-front cost elements they are collectively referred
to as Capital Costs. The following sections highlight the key elements associated with
each capital cost item.

5.1.3.1 HFTW System Design
The typical HFTW system design process includes the following elements:

e Refinement of the site conceptual model and development of groundwater flow,
fate and transport, and biodegradation models. These models are calibrated using
site specific data obtained during the site characterization, treatability, and pilot
testing phases and are used to estimate the final system layout, number and
spacing of wells, HFTW pumping rates, amendment addition dosing patterns and
guantities.

e Development of process flow and detailed piping and instrumentation diagrams
(P&1D) for both the down-hole and above grade elements of the treatment system.
A (P&ID) diagram depicting the common elements of an HFTW system is
provided in Figure 3.28.

e Equipment selection based on sizing, compatibility, operational, and system
monitoring needs.

5.1.3.2 GWET-FBR System Design
The typical GWET-FBR system design process includes the following elements:

e Refinement of the site conceptual model and development of groundwater flow
and fate and transport models. These models are calibrated using site specific data
obtained during the site characterization, treatability, and pilot testing phases and
are used to estimate the final system layout, number and spacing of wells,
groundwater extraction and re-injection pumping rates, FBR system inlet
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conditions (flow rate, contaminant loading, etc.), and FBR amendment addition
dosing rates.

Development of process flow and detailed piping and instrumentation diagrams
for both the down-hole and above grade elements of the treatment system. A
process flow depicting the common elements of a GWET-FBR system (courtesy
of Envirogen Products of Basin Water) is provided in Figure 5.1.

Equipment selection based on sizing, compatibility, operational, and system
monitoring needs.

5.1.3.3 HFTW System Installation

For the base case analysis, the HFTW system instalation includes the following
elements:

Two 8" diameter, schedule 80 PV C wells, with dual screened zones.

Downhole equipment including: 2 pneumatic packers, 2 submersible process
pumps (5hp, 10 gpm @ 150 TDH) with variable frequency drives, 4 submersible
sampling/mixing pumps, 4 pressure transducers, 2 in-line flow meters, 2 in-line
mixing valves, solenoid valves, 2 sealed well caps, 1 pressure gauge, 1 pressure
relief valve

Above grade equipment including: 2 chemical metering pumps, 1 electron donor
chemical storage tank, 1 liquid chlorine dioxide generation unit, liquid level
sensors for all chemical storage and mixing tanks (total of 3), water supply line,
220 volt, 3 phase, 100 amp power supply, control panel, desktop PC with PLC
software, hard wired or wireless modem, climate controlled storage shed.
Plumbing, mechanical, electrical support to connect all equipment assuming 100
lineal feet of trenching for all piping and wiring runs.

5.1.3.4 GWET-FBR System Installation

For the base case analysis, the GWET-FBR system installation includes the following
elements:

Two 6” diameter, schedule 40 PV C wells screened from 40 to 100 ft bgs.
Downhole equipment including: 1 submersible process pump (5hp, 50 gpm @
125 TDH), 1 submersible sampling/mixing pump, 2 pressure transducers, 1 sealed
well cap, 1 pressure gauge, 1 pressure relief valve

Above grade equipment including: 1 equalization tank, 1 post-treatment tank, 1
electron donor chemical storage tank, a nutrient tank, and a pH control tank, an
integrated FBR system per process flow diagram (Figure 5.2), liquid level sensors
for all chemical storage and mixing tanks (total of 5), water supply line, 1 booster
pump for water re-injection, 460 volt, 3 phase, 200 amp power supply, control
panel, desktop PC with PLC software, hard wired or wireless modem, climate
controlled storage shed. A post treatment multi-media filter and aeration system is
also included in the cost to remove biomass and aerate water prior to reinjection.
Plumbing, mechanical, electrical support to connect all equipment assuming 100
lineal feet of trenching for all piping and wiring runs.
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Figure 5.1 Process Flow Diagram for Envirogen Anaerobic Fluidized Bed Reactor.
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5.1.3.5 HFTW System Startup
For the base case analysis, the HFTW system startup includes the following elements:

e Initiation of full system operations.

e Monitoring groundwater levels within centerline monitoring wells to check for
vertical leakage or other flow short circuiting and to insure flow balance is
achieved between the up-flow and down-flow HFTWs.

e Observing and adjusting all system operational settings including pumping
frequency, rates, sensors and alarms.

Based on the amount of mechanical components and monitoring variables, the HFTW
startup process is expected to require a two-person crew and approximately 100 man
hours to complete over a period of 1 to 2 weeks.

5.1.3.6 GWET-FBR System Startup
For the base case analysis, the GWET-FBR system startup includes the following
elements:

e Phased initiation of system operations beginning with reduced system flows and
the accumulation of contaminated groundwater within temporary storage tanks.

e FBR seeding and startup in >90% recirculation mode for biomass growth,
followed by a controlled transition to the full process flow inlet feed rate of 50
gpm from the recovery well to the equalization tank.

e Groundwater drawdown monitoring to confirm adequate plume capture and
control is being achieved under design pumping rate conditions.

Based on the amount of mechanical components and the need for controlled seeding and
growth of biomass within the FBR system, the startup process is expected to require
approximately 250 man hours to complete over aperiod of 3 to 4 weeks.

5.1.4 System Operations and Maintenance (O&M Costs)

The operations and maintenance (O& M) needs and costs vary considerably between the
HFTW and GWET-FBR/re-injection approaches. Therefore, the various O&M elements
and costs, are described and compared within this document. Since these are on-going
costs they are collectively referred to as O&M costs and the NPV is estimated for the
O&M costs for each remediation alternative using a 30 year operating period and 3%
discount rate for comparison purposes. The following sections highlight the key elements
associated with each O& M cost item.

5.1.4.1 HFTW System O& M
For the base case analysis, the HFTW system O& M includes the following elements:
e Electron donor consumption - annual
e Power consumption — annual
e Routine equipment maintenance and calibration — quarterly
¢ Non-routine equipment maintenance, repair, or replacement — every 3yrs
e Chemical/mechanical well rehabilitation for HFTW —every 3 yrs.
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Based on the amount of mechanical components and process variables, the HFTW O&M
is anticipated to require approximately 120 man hours and $5,000 for other direct costs
(ODCs), excluding power and electron donor, per year for routine items and 120 man
hours and $25,000 for ODCs every three years for non-routine items and well
rehabilitation (to be performed simultaneoudly).

5.1.4.2 GWET-FBR System O&M
For the base case analysis, the GWET-FBR system O&M includes the following
elements:

e Electron donor consumption - annual
Power consumption — annual
Routine equipment maintenance and calibration — monthly
Non-routine equipment maintenance, repair, or replacement —every 3 yrs
Chemical/mechanical well rehabilitation for the extraction and injection wells —
every 5yrs.
Based on the amount of mechanical components and process variables, the GWET-FBR
O&M is anticipated to require approximately 240 man hours and $5,000 for other direct
costs (ODCs), excluding power and electron donor, per year for routine items, 120 man
hours and $25,000 for ODCs every three years for non-routine items, and 80 man hours
and $15,000 for ODCs every 5 yrs for well rehabilitation.

5.1.4.3 HFTW System Monitoring
For the base case analysis, the HFTW system monitoring includes the following
elements:

e Quarterly groundwater measurement and sampling for the first 5 yrs

e Semi-annual groundwater measurement and sampling on 4 wells, with 4

additional wells monitored annually for the final 25 yrs

Given that the HFTW process is designed to promote in situ biological treatment, more
monitoring wells will need to be sampled and monitored on a more frequent basis
throughout the duration of remediation. Monitoring costs are based on the collection of
samples from an average of 8 wellslocated near and down gradient of the HFTWs during
the initial 5 yrs, including 4 screened within the upper and lower target treatment zones
and it is assumed each sampling event will require 20 man hours and $2,500 in ODCs per
event. From year 6 and beyond, 4 wells will be monitored semi-annually and 4 additional
wells will be monitored annually requiring 30 man hours and $4,000 in ODCs per year.

5.1.4.4 GWET-FBR System Monitoring
For the base case analysis, the GWET-FBR system monitoring includes the following
elements:

e Monthly system effluent sampling for thefirst 5 yrs

e Quarterly system effluent sampling for the fina 25 yrs

e Quarterly groundwater measurement and sampling for the first 5 yrs

e Annua groundwater measurement and sampling for the next 25 yrs
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GWET-FBR system effluent monitoring is anticipated to require approximately 8 man
hours and $500 for ODCs per sampling event. Groundwater monitoring is based on
collecting measurements and samples from an average of 4 monitoring wells per event
and it is assumed each sampling event will require 12 man hours and $1,500 in ODCs per
event.

5.2 Cost Drivers

The expected cost drivers for installation and operation of a HFTW system and those that
will determine the cost/selection of this technology over other options include the
following:

Depth of the perchlorate plume below ground surface

Width of the perchlorate plume

Thickness of the perchlorate plume

Aquifer lithology

Regul ations/acceptance of groundwater extraction and re-injection

Regulatory considerations concerning secondary groundwater contaminants
Length of time for clean-up (e.g., necessity for accelerated clean-up)
Concentrations of perchlorate and aternate electron acceptor (i.e., NO3 and Oy,)
Presence of co-contaminants, such as TCE and N-nitrosodimethylamine (NDMA)
O&M costs and issues particularly injection well fouling

A thorough cost analysis of various in situ treatment approaches, including active-
pumping systems (such as a HFTW), passive systems, and active-passive designs is
provided in a recent book chapter by Krug et a. (2008). These approaches are compared
technically and economically with each other and with ex situ treatment under a variety
of different contamination scenarios. The reader is referred to this chapter and others in
this volume by Stroo and Ward, (2008) for descriptions and economic comparisons of
different in situ technologies.

In summary, the plume characteristics and those of the local aquifer will play an
important role in the cost and applicability of an HFTW system. For shalow
groundwater plumes (< 50 ft bgs) passive in situ options, such as installation of a PRB
consisting of either trench or Geoprobe applied slow-release substrates is likely to be the
most cost effective option. These systems require little O&M after instalation, and are
not subject to the biofouling issues that impact active pumping designs. For deeper
plumes (bgs) or those that are very thick, passive approaches are often not technically
feasible (e.g., for trench-applied passive substrates) and/or are cost-prohibitive (e.g.,
injecting passive substrates at closely spaced intervals to > 50 ft bgs). Active, capture
systems are technicaly and economically more attractive under these conditions. A
layered lithography is particularly desirable for an HFTW system since this promotes
horizontal rather than vertical flow between the paired pumping wells.
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Other factors that will determine the cost and applicability of an HFTW system
compared to others, include regulatory constraints, particularly in scenarios where re-
injection of contaminated groundwater is subject to regulation. Under this scenario, and
particularly in a deep aquifer, a HFTW system is a desirable option because, although
pumping occurs for plume capture, no contaminated groundwater is brought to the
ground surface. Factors such as required clean-up time, contaminant concentrations, and
presence of select co-contaminants can also affect costs and technology selection.

However, perhaps the most significant long-term O&M cost and obstacle for any
active in situ pumping systems is biofouling control. During this active treatment project,
as well as others that have recently been completed (e.g., Hatzinger and Lippincott, 2009;
Hatzinger et al., 2008) control of injection well fouling is a key component of system
design and operation. This issue remains a critical technical and economic constraint to
active pumping designs for perchlorate treatment, including both HFTW systems and
groundwater extraction and re-injection approaches. For this demonstration, chlorine
dioxide was applied as a biofouling agent. This approach worked to slow the onset of
system fouling (based on previous experience at Aerojet) but did not completely prevent
the process, and the HFTWs required redevelopment. The wells also fouled and had to be
redeveloped periodically when this approach was tested for aerobic, cometabolic
treatment of TCE at afield site (McCarty et a., 1998).

The most effective and economical solution for biofouling control with active
systems involves multiple approaches, including selection of electron donor, dosing
regimen of electron donor, biocide application, water filtration, and system pumping
operation. Based on experience from this demonstration and others, the best operational
approach to control fouling and minimize O& M costs associated with this issue includes
the following:

e “Active-passive’ rather than continuous operation

e Infrequent, high concentration dosing of electron donor during active
phase

e Selection of an acidic electron donor to assist in biofouling control. Citric
acid isoptimal asit serves as an acid and a metal chelating agent.

e Daily application of chlorine dioxide or other fouling control chemical

e Instalation of a filtration system to remove biomass from between the
extraction screen (or wells) and the injection screen (or wells)

These approaches were proven to be effective in a recent demonstration at the former
Whitaker-Bermite facility in California (Hatzinger and Lippincott, 2009). Although this
was a groundwater extraction-reinjection system rather than a HFTW design, biofouling
was sgignificantly controlled throughout the 6-month demonstration period by
implementing the approaches described above. Moreover, perchlorate was treated to < 4
ug/L in many of the system monitoring wells, from an initial concentration of ~ 300

ug/L.

175



5.3  Cost Analysis

As described above, the HFTW approach is ideally suited for layered lithologic units
where one or more of the target treatment zones are >50 feet below ground surface (bgs)
and where re-injection of the treated water is preferred or mandated due to water
usage/water rights concerns. Therefore, we have included the following base assumptions
for this cost mode!:

For Both Options:

Depth to shallow groundwater is approximately 35 ft bgs

Depth to the base of the impacted zone is approximately 100 ft bgs

Plume width is at least 150 ft at the point of treatment or capture

The upper and lower target treatment zones are separated by a 5 ft thick
layer of soil occurring between 60 and 65 ft below ground surface, which
has a hydraulic conductivity at least one order of magnitude lower then the
upper and lower treatment zones (note: in layered sedimentary formations
where the naturally occurring ratio of horizontal to vertical soil hydraulic
conductivity values are 10:1 or greater, the presence of a single low
conductivity zone separating the upper and lower target treatment zones
may not be needed)

The upper and lower target treatment zones have average hydraulic
conductivity values of 1x10™ centimeters per second (cm/s)

All extracted groundwater must be re-injected into the same formation it
was extracted from following treatment to remove perchlorate

For the HFTW Option:

Two HFTWSs, one operated in the up-flow mode and the other operated in
the down-flow mode, will be sufficient to provide full plume capture and
treatment.
The following average concentrations for common electron acceptors:

= Dissolved oxygen — 1.9 mg/L

= Nitrate (asN) —4.6 mg/L

= Perchlorate — 3.3 mg/L
The average pumping rate for each HFTW well process pump will be
between 6 and 10 gpm.
Each well will be completed at a depth of 105 ft bgs, will be screened
from 35 to 60 and 65 to 100 ft bgs, and will be constructed using eight
inch diameter (ID), schedule 80, polyvinyl chloride (PVC) piping.
The electron donor agent will be afood-grade citric acid

For the GWET-FBR Option:
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e One extraction well and one re-injection well will be sufficient to provide
full plume capture, treatment, and re-injection
e Thefollowing average concentrations for common electron acceptors:
= Dissolved oxygen — 1.9 mg/L
= Nitrate (asN) —4.6 mg/L
= Perchlorate — 2.0 mg/L (reduced from HFTW to account for
plume capture at margins — assuming NO3z and DO are consistent
in concentration throughout aquifer)
e The average pumping/re-injection rate will be 50 gpm.
e Each well will be completed at a depth of 105 ft bgs and will be screened
continuously from 35 to 100 ft bgs,
e The extraction and re-injection wells will be constructed using six inch
diameter (ID), schedule 40, polyvinyl chloride (PVC) piping.
e Treatment costs are based on the use of afluidized bed reactor unit (FBR)
using published cost factors and/or based on discussion with an FBR
vendor.

Tables 5.2 and 5.3 show the estimated capital costs, operations and maintenance (O& M)
costs and long-term monitoring costs for implementation of the HFTW and GWET-FBR
technologies under the base case. The NPV of the O&M and monitoring costs is also
included. The capital costs and NPV of the other O&M and monitoring costs provides the
respective life-cycle costs adjusted to take into account the time value of money.

5.3.1 HFTW Cost Analysis

The HFTW alternative assumes that a single pair of HFTWSs will be instaled in a
perpendicular alignment with groundwater flow. These wells will be used to capture,
circulate, and add electron donor amendments to the perchlorate impacted groundwater.
The amended water is then released to the opposite portion of the aquifer zone (e.g. water
captured from the upper zone is amended and released into the lower zone) causing the
electron donor to be distributed within the saturated formation. A portion of this amended
water is then recaptured by the opposite well pair, amended, and released into the
opposite portion of the formation again. The remaining portion of this water and the
unconsumed portion of the added electron donor continue moving downgradient with the
natural groundwater flow regime promoting further breakdown of the target COCs. The
rate of capture and electron donor dosing can be adjusted to achieve the required target
treatment levels, including levels at or below the current EPA reference dose value of 24
ug/L aswell as more stringent State standards or public health goals in the range of 1 to 6
ug/L, at the point of compliance boundary. The costing has been developed for the base
case conditions and assumptions described previousy and is based on circulating
groundwater on a continuous basis and adding electron donor on a semi-continuous
pulsed basis. The capital cost including design, installation of wells, installation of the
downhole and above grade equipment and controls and system start up and testing is
approximately $403,000 and the NPV of the O& M totals an additional $785,000 of costs

177



over a 30 year life. The O& M costs include the costs for labor for system O&M, costs for
equipment repair and replacement and cost for electron donor. The NPV of the long term
monitoring costs is estimated to be $271,000 resulting in a total lifecycle cost for the
HFTW dternative of $1,459,000 (Table5.2).

5.3.2 GWET-FBR/Reinjection Cost Analysis

The GWET-FBR/reinjection aternative assumes that a single groundwater extraction
well will be installed to capture the perchlorate impacted groundwater flow and a single
injection well will be installed to reinject the FBR treated water downgradient from the
extraction area. The extracted water will be pumped to an above ground FBR unit for
treatment prior to reinjection. The groundwater treatment train for the base case assumes
perchlorate is the only COC, thus avoiding the need for additional pre- or post-treatment
polishing to remove COCs that are not amenable to anaerobic biological treatment. A
multi-media filter is included in the cost to remove biomass from the groundwater prior
to re-injection into the aquifer, and a chlorine dioxide system is included for maintenance
of the injection well. The extraction and injection wells and FBR system will be operated
on a continuous basis throughout the treatment period. The capital cost including design,
instalation of wells, installation of the downhole and above grade equipment and
controls and system start up and testing for the base case is approximately $843,000 and
the NPV of the O&M totals an additional $978,000 of costs over a 30 year life. The
O&M costs include the costs for labor for system O& M, costs for equipment repair and
replacement and cost for electron donor. The NPV of the long term monitoring costs is
estimated to be $297,000 resulting in atotal lifecycle cost for the GWET-FBR/reinjection
system of $2,117,000 (Table 5.3).
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Table 5.2. Cost Components for HFTW In-Situ Biobarrier Treatment of Perchlorate Impacted Groundwater

Year Cost is Incurred *
1 2 3 4 5 6 7 8 9 10 - 30 NPV of Costs
CAPITAL COSTS
System Design 83,500 E - - - - - g g 83,500
Well Installation 87,725 g g - - - E g g 87,725
System Installation 216,480 g g g - - E g g 216,480
Start-up and Testing 15,500§ E E E - E E E E 15,500
SUBCOST ($) 403,205 E | E - - - E - 403,205
OPERATION AND MAINTENANCE COSTS
Y ear 7-9 costs|
System Operation and Maintenance 28,172 28,172 61,272 28,172 28,172 61,272 28172 28,172 61,272| repeat through 784,944
year 30
SUBCOST ($) 28,172 28,172 61,272 28,172 28,172 61,272 28,172 28,172 61,272 Repeat?7 -9 784,944
LONG TERM MONITORING COSTS
Years10 - 30
Sampling/Analysis/Reporting 22,560 22,560 22,560 22,560 22,560 10,660 10,6600 10,660) 10,660| costs same as 271,342
year 9
(Quarterly through 5 yearsthen Annudly)
SUBCOST ($) 22,560 22,560 22,560 22,560 22,560 10,660 10,660] 10,660} 10,660 Same 271,342
TOTAL COST (%) 453,937 50,732 83,832 50,732 50,732 71,932 38,832] 38,832 71,932] Repeat 7-9 1,459,492

Notes:
NPV - Net Present Value
* - NPV calculated based on a 3% discount rate
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Table 5.3. Cost Components for the GWET-FBR Ex Situ Treatment System for Perchlorate Impacted Groundwater

Year Cost is Incurred

9,12,15, 18,21, NPV of Costs*
1 2 3 4 5 6 7 7-30 24, 27,30 10, 15, 20, 25, 30
CAPITAL COSTS
System Design 108,500 - . - - E - 108,500
Well Installation 61,483 E g - - - E 61,483
System Installation 657,247 E . - - - E 657,247
Start-up and Testing 15,5008 - | - - - - 15,5008
SUBCOST (9§) 842,730 - . - - E B 842,730
OPERATION AND MAINTENANCE COSTS
Repeat Add 33,100 Add 19,400
$34,472 for non- for well rehab
System Operation and Maintenance 34,472 34,472 67,572 34,472, 53,872 67,572 34,472 annualy routine O&M in each vr 977,663
through year ineach yr listed abgve
30 listed above
SUBCOST ($) 34,472 34,472 67,572 34,472 53,872 67,572 34,472 977,663
LONG TERM MONITORING COSTS
Years8 - 30
Sampling/Analysis/Reporting 28,0808 28,080 28,080 28,080 28,080) 10,930 10,930] costs same as 296,920
year 7
(Quarterly through 5 yearsthen Annudly)
SUBCOST ($) 28,080 28,080 28,0804 28,080 28,080 10,930, 10,930 Same Same Same 296,920
TOTAL COST ($) 905,282 62,552 95,652 62,552 81,952, 78,502 45,402 2,117,313

Notes:
NPV - Net Present Value
* - NPV calculated based on a 3% discount rate
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6.0 IMPLEMENTATION ISSUES

As with many in situ treatment approaches, both biologica and non-biological,
biofouling and plugging of the injection well screens can be a significant concern. During
this demonstration, biofouling issues occurred as a result of poor system design,
equipment selection, and inadequate controls. For HFTWSs, this problem can be quite
costly and time consuming to correct by traditional well redevel opment and rehabilitation
methods due to the amount of equipment installed within each of the HFTWs.

When the chlorine dioxide production system was operational, the regular dosing
of chlorine dioxide proved to be an effective means of controlling biofouling and
maintaining stable injection pressures within each HFTW. As noted in prior sections,
optimal pressure controls were achieved when electron donor was added in larger doses
with several days between injection events, combined with frequent (multiple small doses
per day) short duration injections of chlorine dioxide. However, biofouling occurred very
rapidly during periods of system operation when the chlorine dioxide production unit
malfunctioned, particularly during the earlier periods of operation when this condition
occurred in conjunction with more frequent (daily or multiple times/day) pulses of the
electron donor, resulting in poor or no delivery of this chemical. This was evident by the
rapid increase in injection zone pressures that could be seen in pressure data logs
beginning within a brief period (<24 h) following these malfunctions. It was also noted
that, once biofouling began, it was difficult to reverse through the use of chlorine dioxide
pulses alone. In the case of this demonstration, it appeared that the rate of pressure
increase within the injection well screens could be slowed or stopped if observed quickly
following the onset of problems with the biofouling control system. However, the newly
stabilized injection pressures would typically remain well above the initial baseline
pressures and often close to the maximum pressures that were achieved during the
chlorine dioxide malfunction.

One key suggestions for future implementation of a liquid chlorine dioxide
control system is the use of sensors that are capable of monitoring the proper production
(via pH measurement, as acidic pH is required for production of liquid chlorine dioxide
using the Bio-Cide system) and delivery of chlorine dioxide (viaflow or level sensors) is
recommended, coupled with alarm logic that will cause the entire system to shutdown if
the correct parameters are not being achieved for each chlorine dioxide cycle.

Even with proper chlorine dioxide system design and operation, well fouling is likely
to occur over time. Therefore, options for delivering chemicals to the fouled well screens
and recovering the bio-solids or mineral scale solids released during redevel opment,
while the pneumatic packer and other down-hole equipment remain in-place, need to be
considered during the design of the HFTWSs. This may include the following:

e installation of extra feed lines that would permit the deliver of anti-fouling
chemicals to the injection zones while the pneumatic packer remains in place;
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e installation of high flow submersible pumps, solenoid valves, and injection
nozzles that would alow water and chemicals to be recirculated within the
injection zone to promote the scouring of solids, and alowing them to be
recovered; and

e installation of afiltered flow loop to alow the water with recovered solids to be
pumped to the ground surface, filtered, and the solids-free water to be returned to
the formation.

The other key issue with implementing the HFTW system for perchlorate
treatment was the inability of the system to consistently treat perchlorate to < 4 ug/L
throughout the demonstration plot. Although reductions in perchlorate concentration of >
95% were achieved throughout the shallow aquifer, including side-gradient well NMW-5,
during all three phases, very few wells achieved perchlorate concentrations < 4 pg/L.
During Phase I, a limitation in electron donor supply was suspected to have resulted in
the residual perchlorate, since the citric acid was tightly controlled in an attempt to
reduce the solubilization of Fe and Mn. However, during Phase IlI, the citric acid
concentration was increased appreciably, such that some of the wells in the test plot had
residual measured concentrations of acetate in the mg/L range for several weeks (acetate
isthe key citric acid degradation intermediate) (Section 4.4.3.8), yet perchlorate persisted
in some of these wells at ~ 30-100 ug/L (Section 4.4.3.3). The perchlorate was present
even though there was evidence of significant generation of soluble Fe and Mn, aswell as
sulfate reduction in some of these wells. For example, Well NMW-7 had perchlorate
concentrations ranging from 26-90 pg/L during Phase 1Il (Table 4.19 and nitrate-N
ranging from 0.2 to 0.7 mg/L (Table 4.31), yet sulfate concentrations declined from 14.2
to 6.4 mg/L (Table 4.33) during Phase |11, and both Fe and Mn were present at > 1,000
ug/L (Tables 4.21 and 4.23, respectively). These data suggest that multiple electron-
accepting processes were occurring, including perchlorate reduction and sulfate reduction.

There are several potential explanations for the persistence of low concentrations
of residua perchlorate in wells downgradient from the HFTW system. Tracer testing
clearly showed that some of the deeper wells were not well-connected to the HFTW
system hydraulically (based on greater than expected dilution of conservative tracer; See
Appendix E). For these wells, the concentration of electron donor was certainly
inadequate for significant treatment of perchlorate. Other wells, such as NMW-7,
however, were hydraulically connected based on tracer tests, and had residual electron
donor in Phase |11 (acetate in this case), yet perchlorate and nitrate persisted at very low
concentrations. As noted in Section 4.4.3.6, the apparent persistence of low
concentrations of these electron acceptors, may result primarily from aquifer
heterogeneity, and this effect may be exacerbated with the HFTW system design due to
the complex groundwater flow patterns of the paired pumping wells (i.e., deep water
being brought up in the HFTW-U and shallow water pushed down in the HFTW-D, with
perhaps some static zones in-between the wells). In some regions, electron donor may
not mix with groundwater during the course of the demonstration due to low permeability,
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poor connectedness to the injection well, etc. Asaresult, little degradation of perchlorate
is likely in these zones, while extensive degradation (probably to non-detect
concentrations) occurs in other regions. When groundwater is sampled from a broadly
screened well, zones with varying degrees of local reaction may be represented in the
collected sample, as shown previously in Fig 4.42. As a result, partial degradation of
various electron acceptors, including perchlorate, nitrate, and sulfate, may be observed in
the sample. This appears to be the case for many wells in Phase Il and Phase I11 of this
HFTW demonstration.

It should be noted that during a previous test of an HFTW system at Edwards Air
Force Base, in which toluene was injected into an aquifer to cometabolically stimulate
TCE oxidation, residua concentrations of TCE remained (~ 18 — 24 ug/L throughout the
test plot) at the conclusion of the demonstration (McCarty et a., 1998). The TCE
removal was 97 — 98%, similar to the perchlorate removal efficiency in this
demonstration, but low residual contaminant remained in the treatment zone. Although
TCE and perchlorate have different physiochemical characteristics, and slow desorption
may play a role in the resdua TCE in the Edwards study, the comparative data do
suggest that while very effective for mass reduction, low residual concentrations of
contaminant may persist when using a HFTW system design. This has been a
characteristic of both bioremediation field studies conducted with this system to date.
However, this condition may diminish over longer operating periods or at greater
distances downgradient from the active mixing zone.
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APPENDIX A:

Analytical Methods

The attached methods are the Shaw Environmental and Infrastructure Analytical
and Treatability Laboratory Standard Operating Procedures (SOP) for Analysis of:

(1) Perchlorate by EPA Method 314.0;

(2) Anions by EPA Method 300.0;

(3) Volatile Fatty Acids (no applicable EPA Method);
(4) Volatile Organic Compounds by EPA Method 8260.

The SOPs provide the specific laboratory methods and equipment used to perform
each specified EPA analytical method.
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SHAW METHOD SHAW 1C-003

EPA METHOD # 314.0 Rev1.0 Approved (1999)
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VERSION. 2006

NUMBER 2

PERCHLORATE (SHAW IC-003; EPA 314.0)

1. SCOPE AND APPLICATION
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This method covers the determination of perchlorate in reagent water,
surface water, ground water, finished drinking water, soils and sludges
using ion chromatography.

In order to achieve comparable detection limits, an ion chromatographic
system must utilize suppressed conductivity detection, be properly
maintained, and must be capable of yielding a baseline with no more than
5 nano-siemen (nS) noise/drift per minute of monitored response over the
background conductivity.

This method is recommended for use only by or under the supervision of
analysts experienced in the use of ion chromatography and in the
interpretation of the resulting ion chromatograms.

When this method is used to analyze unfamiliar samplesfor perchlorate,
anion identification should be supported by the use of alaboratory
fortified matrix sample. The fortification procedure is described in Section
9.4.1.

SUMMARY OF METHOD

A 1.0 mL volume of sampleisintroduced into an ion chromatograph (1C).
Perchlorate is separated and measured, using a system comprised of an ion
chromatographic pump, sample injection valve, guard column, analytical
column, suppressor device, and conductivity detector.

NOTE: Thislarge sampleloop (1.0 mL) can be made using
approximately 219 cm (86 inches) of 0.03 inchi.d. PEEK tubing.



3.0

3.1

3.2

3.3

34

DEFINITIONS

ANALYSISBATCH -- A sequence of samples, which are analyzed within
a 30 hour period and include no more than 20 field samples. An Analysis
Batch must also include al required QC samples, which do not contribute
to the maximum field sample total of 20. The required QC samples
include:

Instrument Performance Check Standard (IPC)

Laboratory Reagent Blank (LRB)

Initial Calibration Check Standard (ICCS)

Laboratory Fortified Blank (LFB)

Continuing Calibration Check Standard (CCCS), when the batch contains
morethan 10 field samples

End Calibration Check Standard (ECCS)

Laboratory Fortified Matrix (MS)

Either aField Duplicate, a Laboratory Duplicate or a duplicate of the MS
(if pretreated samples are included in batch) Pretreated LRB

(if pretreated samples are included in batch) Pretreated LFB

(if pretreated samples are included in batch) Pretreated LFM, for each
pretreated matrix.

NOTE: Every field sasmple analysis, including both diluted and pretreated field
samples, but excluding any MS/MSD or duplicate field sample
analysis which qualify as QC samples, must be applied to the
maximum of 20 total field samples permitted in an analysis batch.

3.1.1 A field sample(s), included in the analysis batch, can be reanalyzed

following the ECCS provided the 30 hr time limit for the analysis
batch has not expired. The laboratory can reanalyze that sample(s)
but must initially conduct a second ICCS before the reanalysis and
an ECCS after the final reanalysis. The ECCS must be completed
within the 30 hr window.

CALIBRATION STANDARD (CAL) -- A solution prepared from the
primary dilution standard solution(s) or stock standard solutions. The CAL
solutions are used to calibrate the instrument response with respect to
analyte concentration.

INITIAL CALIBRATION STANDARDS --A series of CAL solutions
used to initially establish instrument calibration and develop calibration
curves for individual target anions (Section 10.2).

INITIAL CALIBRATION CHECK STANDARD (ICCS) --A CAL
solution, which is analyzed initially, prior to any field sample analyses,
which verifies the previously established calibration curve. The
concentration for theinitial calibration check standard MUST be at or
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below the MRL (Section 3.17) level.

CONTINUING CALIBRATION CHECK STANDARDS (CCCYS) -- A
CAL solution which is analyzed after every tenth field sample analyses,
not including QC samples, which verifies the previously established
calibration curve and confirms accurate analyte quantitation for the
previous ten field samples analyzed. The concentration for the continuing
calibration check standards should be either at a middle calibration level
or at the highest calibration level (Section 10.3.2).

END CALIBRATION CHECK STANDARD (ECCS) -- A CAL solution
which is analyzed after the last field sample analyses which verifies the
previoudly established calibration curve and confirms accurate analyte
quantitation for all field samples analyzed since the last continuing
calibration check. The end calibration check standard should be either the
middle or high level continuing calibration check standard (Section
10.3.2).

FIELD DUPLICATES (FD) -- Two separate samples collected at the same
time and place under identical circumstances and treated exactly the same
throughout field and laboratory procedures. Analyses of field duplicates
indicate the precision associated with sample collection, preservation and
storage, as well as with laboratory procedures.

INSTRUMENT PERFORMANCE CHECK SOLUTION (IPC) -- solution
containing a specific concentration of perchlorate used to evaluate the
performance of the instrument system with respect to a defined set of
criteria.

LABORATORY DUPLICATE (LD) --Two sample aiquots (LD1 and
LD2), taken in the laboratory from a single sample bottle, and analyzed
separately with identical procedures. Analyses of LD1 and LD2 indicate
precision associated specifically with the laboratory procedures by
removing variation contributed from sample collection, preservation and
storage procedures.

3.10 LABORATORY FORTIFIED BLANK (LFB) —An aliquot of reagent

water, or other blank matrix, to which a known quantity of perchlorateis
added in the laboratory. The LFB is analyzed exactly like a sample, and its
purpose is to determine whether the methodology isin control, and
whether the laboratory is capable of making accurate and precise
measurements.

3.11 LABORATORY FORTIFIED SAMPLE MATRIX (MS/MSD) —An

aliquot of an environmental field sample to which aknown quantity of



perchlorate is added in the laboratory. The MS/M SD is analyzed exactly
like a sample, and its purpose is to determine whether the sample matrix
contributes bias to the analytical result. The background concentrations of
perchlorate, in the sample matrix, must be initially determined in a
separate aliquot and the measured value in the MS/M SD corrected for this
background concentration.

3.12 LABORATORY REAGENT BLANK (LRB) —An aliquot of reagent
water or other blank matrix that is treated exactly as a sample including
exposure to all glassware, equipment, solvents, filtration and reagents that
are used with other samples. The LRB is used to determine if perchlorate
or other interferences are present in the laboratory environment, the
reagents, or the apparatus.

3.13LINEAR CALIBRATION RANGE (LCR) — The concentration range over
which the instrument response is linear.

3.14 MATERIAL SAFETY DATA SHEET (MSDS) — Written information
provided by vendors concerning a chemical's toxicity, health hazards,
physical properties, fire, and reactivity data including storage, spill, and
handling precautions.

3.15 MATRIX CONDUCTIVITY THRESHOLD (MCT) — The highest
permitted conductance of an unknown sample matrix, measured prior to
conducting the analysis, which is used to determine when sample matrix
dilution or pretreatment is required. The conductance of a sample matrix is
proportional to the common anions present in the matrix (which
contributes to the level of total dissolved solids[TDS]) which can greatly
affect the integrity of thisanalysis. The value for this threshold is
dependant on the conditions, hardware, and state of the hardware
employed. Consequently, this threshold is not method defined and must be
determined by the individual analytical laboratory during the Initial
Demonstration of Capability (IDC) and confirmed in each analysis batch
using the Instrument Performance Check (IPC) Solution. Matrix
conductivity is measured in microsiemens/cm (uS/cm) or microMhos/cm
(uMhos/cm) which are considered equivalent terms.

3.16 METHOD DETECTION LIMIT (MDL) — The minimum concentration of
an analyte that can be identified, measured and reported with 99%
confidence that the analyte concentration is greater than zero.”

3.17 MINIMUM REPORTING LEVEL (MRL) — The minimum concentration
that can be reported as a quantitated value for atarget analyte in asample



following analysis. Thisdefined concentration can be no lower than the
concentration of the lowest calibration standard and can only be used if
acceptable quality control criteriafor this standard are met.

3.18 PEAK AREA TO HEIGHT RATIO (A/H) — The ratio of the peak area
divided by the peak height which is used as atool to monitor analytical
performance. Thisratio is used to establish and monitor the MCT and
represents an objective means of assessing analytical performance when
analyzing high conductivity matrices. A gradual distortion of the baseline
istypically observed in the retention time window for perchlorate as the
matrix conductivity increases (consistent with elevated levels of common
anions) which will more significantly influence peak height relative to the
influence on peak area. As the distortion of the baseline increases, this
ratio increases, and the integrity of the measured perchlorate will be
compromised.

3.19 PROFICIENCY TESTING (PT) or PERFORMANCE EVALUATION
(PE) SAMPLE

- A certified solution of method analytes whose concentration is unknown
to the analyst. Often, an aliquot of this solution is added to a known
volume of reagent water and analyzed with procedures used for samples.
Often, results of these analyses are used as part of alaboratory
certification program to objectively determine the capabilities of a
laboratory to achieve high quality results.

3.20 LABORATORY CONTROL SAMPLE (LCS) — A solution of method
analytes of known concentrations that is obtained from a source external
to the laboratory and different from the source of calibration standards. It
is used to check laboratory performance with externally prepared test
materials.

3.21 STOCK STANDARD SOLUTION (SSS) -- A concentrated solution
containing perchlorate which is either prepared in the laboratory using
assayed reference materials or purchased from a reputable commercial
source.

3.22 TOTAL DISSOLVED SOLIDS (TDS) -- Both organic and inorganic
constituent which are dissolved in a sample matrix and are not removed by
particul ate filtration.



4.0

4.1

4.2

INTERFERENCES

Method interferences may be caused by contaminantsin the reagent water,
reagents, glassware, and other sample processing apparatus that lead to
discrete artifacts or elevated baselines in an ion chromatogram. These
interferences can lead to false positive results for the target analyte as well
as reduced detection limits as a consequence of elevated baseline noise.

Interferences can be divided into three different categories: direct
chromatographic coelution, where an analyte response is observed at very
nearly the same retention time as the target anion; concentration dependant
coelution, which is observed when the response of higher than typical
concentrations of the neighboring peak overlap into the retention window
of the target anion; and, ionic character displacement, where retention
times may significantly shift due to the influence of high ionic strength
matrices (high mineral content or hardness) overloading the exchange sites
in the column and significantly shortening target analyte's retention times.

4.2.1 A direct chromatographic coelution may be solved by changing
columns, eluent strength, modifying the eluent with organic solvents
(if compatible with 1C columns), changing the detection systems, or
selective removal of the interference with pretreatment. Sample
dilution will have little to no effect. The analyst MUST verify that
these changes do not induce any negative affects on method
performance by repeating and passing al the QC criteriaas
described in Section 9.

4.2.2 Sample dilution may resolve some of the difficultiesif the
interference is the result of either concentration dependant coelution
or ionic character displacement, but it must be clarified that sample
dilution will alter your Minimum Reporting Limit (MRL) by a
proportion equivalent to that of the dilution. Therefore, careful
consideration of project objectives should be given prior to
performing such adilution.

4.2.3 Pretreatment cartridges can be effective as a means to eliminate
certain matrix interferences. With any proposed pretreatment, the
analyst must verify that the target analyte is not affected by
monitoring recovery after pretreatment (additional pretreated MS
requirement see Section 11.1.4.6) and that no background
contaminants are introduced by the pretreatment (additional
pretreated LRB requirement see Sections 9.3.1 and 11.1.4).

4.2.3.1 Extreme caution should be exercised in using these
pretreatment cartridges. Artifacts are known to leach from



4.3

4.4

4.5

certain cartridges which can foul the guard and analytical
columns causing loss of column capacity indicated by
shortened retention times and irreproducibl e results.
Frequently compare your calibration standard chromatograms
to those of the column test chromatogram (received when the
column was purchased) or use calibration chromatograms
generated when the column was initially installed, to insure
proper separation and similar response ratios between the
target analytes are observed.

4.2.3.2 If LRB background problems are encountered in the
retention time window for perchlorate when these
pretreatment cartridges have been employed, increase the
initial reagent water rinse of the cartridge to approximately
five times the volume specified by the manufacturer.

Sample matrices with high concentrations of common anions such as
chloride, sulfate and carbonate can make the analysis problematic by
destabilizing the baseline in the retention time window for perchlorate.
Thisis evidenced by observing a protracted tailing following the initial
elution of the more weakly retained anions (chloride, carbonate, and
sulfate) which extends into the perchlorate retention time window. These
common anion levels can be indirectly assessed by monitoring the
conductivity of the matrix. Consequently, all sample matrices must be
monitored for conductivity (Section 11.1.2) prior to analysis. When the
laboratory determined Matrix Conductivity Threshold (MCT, see Section
9.2.8) is exceeded, procedures incorporating sample dilution and/or
pretreatment must be performed as specified in Sections 11.1.3 and 11.1.4,
respectively.

All reagent solutions (eluents, external water for ASRS suppressor, €tc...)
used by the instrument must be filtered through no larger than a0.45 um
nominal pore size membrane or frit to remove particulates and prevent
damage to the instrument, columns and flow systems. Sample filtration
must also be employed on every sample prior to analysis. This applies not
only to field samples but also to the laboratory reagent blank (LRB) and
laboratory fortified blank (LFB). The LRB and LFB samples function as
controls and must be filtered to confirm no biasis attributable to the
filtration.” Filter the samples through a membrane or frit with no larger
than a 0.45 um nominal pore size. Syringe mounted, cartridge type, filters
work well.

Close attention should be given to the potential for carry over peaks from

one analysis which will effect the proper detection of perchloratein a
second, subsequent analysis. It is the responsibility of the user to confirm
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that no late eluting peaks have carried over into a subsequent analysis
thereby compromising the integrity of the analytical results.

5. SAFETY

5.1

5.2

5.3

Thetoxicity or carcinogenicity of each reagent used in this method have
not been fully established. Each chemical should be regarded as a potential
health hazard and exposure should be as low as reasonably achievable.
Cautions are specifically listed below in Section 5.3 for hazardous
materials.

Each laboratory is responsible for maintaining a current awareness file of
OSHA regulations regarding the safe handling of the chemicals specified
in this method. A reference file of Material Safety Data Sheets (MSDS)
should be made available to all personnel involved in the chemical
analysis. The preparation of aformal safety plan is also advisable.
Additional references on laboratory safety are available.™

The following chemicals have the potential to be highly toxic or
hazardous, consult MSDS.

5.3.1 Potassium hydroxide (KOH), used in the preparation of the eluent
is considered caustic.

6. EQUIPMENT AND SUPPLIES

6.1

lon chromatograph (IC) —a Dionex 1CS 2000 system analytical system
complete with aKOH eluent EG40 generator, aion chromatographic
pumps, injection valves, both guard and analytical separator columns,
suppressor, conductivity detector, and computer based data acquisition
system.

6.1.1 Anion guard column -- Dionex AG16 2 mm, or equivalent. This

column functions as a protector of the separator column. If omitted
from the system, the retention times will be shorter.

6.1.2 Anion separator column -- Dionex AS16, 2mm.

6.1.3 Anion suppressor device -- A Dionex Self Regenerating Suppressor

(2 mm, ULTRAII) to give no more than a. combined baseline
drift/noise of no more than 5 nS per minute over the background
conductivity. Proper suppressor performance is essential to
analytical data reproducibility and sensitivity of the conductivity
detector.

11



6.1.3.1 The ASRSisset to perform electrolytic suppression at a
current setting of 150 mA using the external water mode.
External water was delivered to the suppressor directly from
apressurized source at aflow rate of ~5 mL/min

6.1.3.2 If pretreated samples (Section 11.1.4), or sample matrices
which contain appreciable concentrations of transition metal
cations (e.g., Fe or Al) are frequently analyzed, cationic
components may bind to the suppressor membrane and over
time effect suppressor performance. If the instrument begins
to have problems with reduced peak response or
asymmetrical perchlorate peaks, the suppressor membranes
should be cleaned. As aquick and easy cleaning step, the
manufacturer's ASRS "Quickstart" procedure for installing a
new ASRS should be followed. If this procedure does not
correct the problem, follow the manufacturer's recommended
cleaning procedure for removing metal contaminants.

6.1.4 Detector -- Conductivity cell (Dionex heated DSG, or equivalent)
capable of providing data as required in Section 9.2.

6.1.5 Autosampler Dionex AS50 Autosampler, 10ml autosampler vial rack

6.2 DataAcquisition System -- The Dionex Chromeleon Data
Chromatography Software is used to generate all the data

6.3 Conductivity Meter — Used to monitor sample matrix conductance which
is directly related to the common anion levelsin amatrix and used to
determine if sample pretreatment is required. At a minimum, this meter
should be capable of measuring matrix conductance over arange of 1 -
10,000 uS/cm.

6.4 Micro beakers -- Plastic, disposable - used during sample preparation.
6.5 Syringes-- Plagtic, disposable- used during sample preparation.

6.6 Pipets--Pasteur, plastic or glass, disposable, graduated, 5 mL and 10 mL.
Micropipettes 20, 100, 1000 ul capacities.

6.7 Bottles-- High density polyethylene (HDPE) or glass, amber or clear, 30
mL, 125 mL, 250 mL. For sampling and storage of calibration solutions.
Stability studies presented by the Interagency Perchlorate Steering
Committee for Analytical Methods® and confirmed at the EPA, indicate
perchlorate is neither photoreactive nor prone to adsorption to the walls
of either HDPE plastic or glass bottles.

12



6.8

6.9

6.10

6.11

7.0

Particulate filters -- 0.45 micron syringe filters, specifically designed for
|C applications (Gelman IC Acrodisc, PN 4485, or equivalent). These
cartridges are used to remove particulates from the sample matrix while
loading the sample manually or if the autosampler employed does not
filter the sample during loading.

Matrix pretreatment cartridges in the barium form -- (Dionex OnGuard-
Ba cartridges, PN 046072, or equivalent.) These cartridges are
conditioned according to the manufacturer’ s directions and are used to
reduce the matrix levels of sulfate.

Matrix pretreatment cartridges in the silver form — (Dionex OnGuard-Ag
cartridges PN 039637, or equivalent.) These cartridges are conditioned
according to the manufacturer’ s directions and are used to reduce the
matrix levels of chloride.

Matrix pretreatment cartridgesin the hydrogen form -- Dionex OnGuard-
H cartridges (PN 039596) or equivalent. These cartridges are conditioned
according to the manufacturer’s directions and are used to reduce cations
in the sample matrix. This protects the analytical column by removing
silver which has leached from the Ag cartridge and may indirectly
minimize the effect of carbonate by removing the cationic counter ion.

REAGENTSAND STANDARDS

7.1

1.2

7.3

Reagent water -- Deionized water 18.2 Mohm or better, free of the anions
of interest. Water should contain particles no larger than 0.20 microns.

Eluent solution -- 50 mM potassium hydroxide (KOH,) is automatically
generated using Dionex eluent generator EG40.

Perchlorate stock standard solution, 1000 mg/L (1 mg/mL) — A certified
stock standard solution is purchased (as a certified solution) or if
unavailable it can be prepared from ACS reagent grade, sodium salt as
listed below. (NOTE: Sodium perchlorate represents a molar weight
fraction of 81.2 % perchlorate anion). A secondary stock (1,000 mg/L) is
purchased for use in preparing the Laboratory Control Sample.

7.3.1 Perchlorate (CIO4) 1000 mg/L --Dissolve 0.1231 g sodium

perchlorate (NaClO,, CASRN [7601-89-0] in reagent water and
dilute to 100 mL in avolumetric flask.

7.3.2 Working standard solution (1,000 ug/L) are prepared from the Standard

stock solution and the laboratory control stock by a 1:1000 dilution (0.1 ml
into 100 ml) in ultrapure weter.
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NOTE: Stability of standards -- Perchlorate stock standards, stored at

7.4

7.5

8.0

8.1

8.2

8.3

8.4

room temper ature, appear to be very stable and may be stable
for an extended period of time. However, specified expiration
dates should be marked on each prepared stock standard as part
of any laboratory’s quality control program. In thisregard, it is
recommended that stock standardsfor perchlorate be held for
no mor e than 12 months and an expiration date should be
clearly specified on the label.

Mixed Common Anion Stock Solution - containing the anions chloride,
sulfate and carbonate each at 25 mg/mL anion concentration. This solution
is used to prepare simulated common anion samples in the determination
of the MCT (Section 9.2.8).

7.4.1 Dissolve the following salts in reagent water to afinal volume of 25.0
mL: 1.0 g sodium chloride (NaCl, CASRN [7647-14-5]) = 0.61 g Cl
0.93g sodium sulfate (Na.SO,, CASRN [7757-82-6]) = 0.63 g SO,
1.1 g sodium carbonate (Na,.CO,, CASRN [497-19-8]) = 0.62 ¢ COB:

Conductivity Meter Calibration Solution (1410uS/cm) is purchased as a
certified standard

SAMPLE COLLECTION, PRESERVATION AND STORAGE

Samples may be collected in certified cleaned plastic or glass bottles. The
volume collected should be sufficient to insure a representative sample
(~100 ml), allow for replicate analysis and laboratory fortified matrix
analysis, if required, and minimize waste disposal.

Samples need to be shipped iced or stored cold in arefrigerator but every
effort should be taken to protect the samples from temperature extremes.
A thermally insulated sampling kit, designed to fit sampling bottles
securely during shipment, should be used to protect the samples from
these temperature extremes.

Soils should be collected in clean sample jars or bags and be kept cool and
shipped on ice to laboratory.

Sample preservation and holding times for the anions are as follows:
Analyte Preservation Holding Time
Perchlorate None required 28 days

But filtration recommended

NOTE: Perchlorate has been shown to be stable for more than 28
days but extended holding time studies (beyond 35 days) were
not conducted by EPA. Interna stability studies have shown that

14



9.0

| F bacteria present that can degrade perchlorate, perchlorate
WILL DEGRADE rapidly especially at room temperature
unless sampleisfiltered through a 0.22 or 0.445 um filter to
remove bacteria

QUALITY CONTROL

9.1 Thelaboratory isrequired to operate aformal quality control (QC)
program. The requirements of this program consist of an initial
demonstration of laboratory capability, and subsequent analysisin each
analysis batch (Section 3.1) of an Instrument Performance Check Standard
(IPC), Laboratory Reagent Blank (LRB), Initial Calibration Check
Standard (ICCS), Laboratory Fortified Blank (LFB), Continuing and End
Calibration Check Standards (CCCS/ECCS), Laboratory Fortified Sample
Matrix (LFM) and either aField, Laboratory or MS/MSD duplicate
sample analysis. This section details the specific requirements for each of
these QC parameters.

INITIAL DEMONSTRATION OF CAPABILITY

9.2

921

9.2.2

9.23

9.24

9.25

The Initial Demonstration of Capability (IDC) -- Thisis used to
characterize instrument and laboratory performance prior to
performing analyses by this method.

Initial demonstration of low system background -- See Section 9.3.1.

Initial Demonstration of Accuracy (IDA) -- Prepare and analyze 7
replicate LFBsfortified at 25.0 ug/L. Calculate the mean measured
concentration (C) of the replicate values. To pass the IDA, the value
derived for C, must be within + 10% of the true value or between
22.5ug/L and 27.5 ug/L.

Initial Demonstration of Precision (IDP) -- Using the data generated
for Section 9.2.3, calculate the percent relative standard deviation
(%RSD) of the replicate analysis, as indicated below. To pass the
IDP, the %RSD must be less than 10%.

Laboratory Control Sample (LCS) — After calibration curves have
initially been established or have been re-established, or as required
to meet data quality needs, verify both the calibration and acceptable
instrument performance with the preparation and analyses of an
external/second source LCS. If the determined concentrations are not
within £ 10% of the stated values, performance of the determinative
step of the method is unacceptable. The source of the problem must
be identified and corrected before either proceeding with the IDC or
continuing with on-going analyses.
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9.2.6

9.2.7

9.2.8

Method Detection Limit (MDL) — An MDL must be established
using reagent water (blank) fortified at a at or near the lowest
concentration in the calibration curve. Follow Shaw’s procedure
outlined in its QAPP for MDL determination.

9.2.6.1 MDLs are verified on ayearly basis,

Minimum Reporting Level (MRL) — The MRL isset at 1.0 ug/L
(2X) the lowest calibration standard.

Matrix Conductivity Threshold (MCT) — The MCT is an individual
laboratory defined value which must be determined by preparing a
series of sequentially increasing, common anion fortified, reagent
water samples each contain a constant perchlorate concentration.
Initially, areagent water prepared LFB, containing no common
anions, must be analyzed which contains perchlorate a a
concentration of 25 ug/L perchlorate. Next, the series of sequentially
increasing anionic solutions are prepared, each containing
perchlorate at a concentration of 25 ug/L, which also containing the
individual common anions of chloride, sulfate and carbonate, all
included at uniform increasing concentrations of 200, 300, 400, 500,
600, 800, and 1000 mg/L for each anion.

9.2.8.1 Prepare the mixed common anion stock solution (see Section
7.4) containing chloride, sulfate and carbonate, each at 25
mg/mL.

9.2.8.2 Prepare a perchlorate secondary stock dilution standard at
1.00 mg/L from the 1000 mg/L perchlorate stock standard
(Section 7.3) by diluting 0.50 mL of the stock solution to a
final volume of 500 mL.

9.2.8.3 Prepare the LFB at a perchlorate concentration of 25 ug/L by
diluting 0.625 mL of the perchlorate secondary stock dilution
standard (Section 9.2.8.2) to a final volume of 25.0 mL.

9.2.8.4 Next, prepare the series of common anion fortified reagent water
samples by adding 0.20 mL, 0.30 mL, 0.40 mL, 0.50 mL, 0.60 mL,
0.80 mL, and 1.00 mL of the mixed common anion stock solution
(Section 7.4) into separate 25 mL volumetric flasks. Next, add
0.625 mL of the perchlorate secondary stock dilution standard
(Section 9.2.8.2) to each 25 mL volumetric flask and dilute to
volume with reagent water to yield afinal perchlorate
concentration of 25.0 ug/L.
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9.2.8.5 Measure and record the conductance of each of these
prepared solutions on a calibrated conductivity meter (This
meter must be calibrated as described in Section 10.4 prior to
measuring conductance). To use as arelative reference
conductance, the 400 mg/L mixed anion sample, which
contains chloride at 400 mg/L, sulfate at 400 mg/L and
carbonate at 400 mg/L, should display a conductance of
between 3200 uS/cm and 3700 uS/cm.

9.2.8.6 Analyze each solution, recording the peak areato height
(A/H) ratio and the quantified concentration of perchlorate.
In the Dionex data acquisition and instrument control
software, the peak areato height ratio is a definable
parameter which can be specified for printout on the analysis
report.

9.2.8.7 Both the A/H ratio and quantified perchlorate concentration
for the LFB and the 200 mg/L mixed common anion solution
should be reproducibly consistent but as the common anion
levelsincrease, the A/H ratio will also begin to increase as
the peak height is distorted and reduced. Asthe peak is
distorted, the area will also eventually begin to be distorted
and the quantitated concentration will be reduced, but thisis
typically secondary, with the ratio of peak areato height
initially predicting this pending quantitation problem.

9.2.8.8 Calculate the A/H ratio percent difference (PD, ) between the
average A/H ratio for the LFB (A/H ) and the average A/H
ratios for each mixed common anion solutions (A/H ) using

the following equation.

*(A/H - AH )*
PD, = ----mmmmmoeoooe X 100
A/Hire

9.28.9 TheMCT isset at the conductance level of the highest
mixed anion solution which yielded aPD,  value below the

20 % threshold.

9.2.8.10 Finadly, confirm the perchlorate MRL in a mixed common
anion solution which reflects a conductance near (within +/-
10%) that specified asthe MCT. This solution must contain
perchlorate, at the laboratory determined MRL (lowest
calibration point), as well as the common anions chloride,
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sulfate and carbonate, prepared consistent with the instruction
for the mixed anion solutionsin this section and at a
concentration estimated to generate a conductance near the
MCT. The conductance of this solution must be measured at
within £10% of the MCT and following the analysis, the
recovered perchlorate must be between 70 - 130% of the MRL
concentration. If the MRL recovery fails these criteria, the
MCT should be lowered by 10% and this MRL verification
must be repeated.

9.2.8.11 Prior to conducting any field sample analysis, the
conductivity of that matrix must be determined. When the
conductance of afield sampleis above the MCT, sample
dilution or pretreatment, as described in respective Sections
11.1.3 and 11.1.4 must be performed.

9.3 ASSESSING LABORATORY PERFORMANCE - Thefollowing items
must be included in every analysis batch (Section 3.1).

931

9.3.2

Laboratory Reagent Blank (LRB) — An LRB must be prepared and
treated exactly as atypical field sample including exposure to al
glassware, equipment, solvents, filtration and reagents that are used
with field samples. Data produced are used to assess instrument
performance of ablank sample and evaluate contamination from the
laboratory environment. Values that exceed ¥2the MRL indicate a
laboratory or reagent contamination is present. The source of the
contamination must be determined prior to conducting any sample
analysis. Any sample included in an automated analysis batch which
has an invalid LRB, indicated by a quantitated perchlorate that
exceeds %2 the MRL, must be reanalyzed in a subsequent analysis
batch after the contamination problem is resolved.

9.3.1.1 When sample matrices have been pretreated to reduce the
risk of high common anion interference (Section 11.1.4), a
second LRB must be prepared, pretreated in exactly the same
manner, and analyzed to confirm no background effects from
the pretreatment process are present. If an analysis batch only
contains pretreated samples, then only a pretreated LRB is
required.

Instrument Performance Check (IPC) -- The MCT, which was
determined as part of the IDC in Section 9.2.8, must be verified
through the analysis of an IPC. The IPC isthreetiered and isused to
verify the state of the IC system, over time, to quantitate perchlorate
in highly ionic matrices. This must be conducted with each analysis
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batch since over time, column performance can change.

9.3.2.1 Prepare a mixed common anion solution which reflects a
conductance near (within +/- 10%) that specified asthe
MCT. This solution must be prepared consistent with the
instruction in Section 9.2.8, and containing the common
anions chloride, sulfate and carbonate as well as perchlorate
at a concentration of 25 ug/L.

9.3.2.2 Confirm the conductance of the IPC and analyze it as the
initial samplein the analysis batch. If, after several weeks of
storage, the measured conductance of this solution has
shifted by more than 10% from the original measured value,
prepare a fresh |PC solution. Following the analysis,
calculatethe PD_ (Section 9.2.8.8), by comparing the peak
areato height ratio of this |PC mixed anion standard (A/H )
for this analysis batch to the value that was derived for the
LFB (A/H_,) either in the original IDC or in the previous
analysis batch. Asthefirst tier criteria, the value for PD,
must be less than 25% before proceeding with the analysis
batch.

9.3.2.3 At the second tier criteria, the measured recovery for
perchlorate in this IPC must fall between 80% and 120 %
(20.0 ug/L to 30.0 ug/L for a25 ug/L fortification).

9.3.2.4 Asathird tier and final criteriafor the IPC, the laboratory
must closely monitor the perchlorate retention time for this
analysis. Small variationsin retention time can be anticipated
when anew solution of eluent is prepared but if sudden shifts
of more than 5% are observed in the perchlorate retention
time; some type of instrument problem may be present.
Potential problems include improperly prepared eluent,
erroneous method parameters programmed such as flow rate
or some other system problem. The observed retention time
for perchlorate should closely replicate the times established
when the column was originally installed. As a column ages,
itisnormal to see agradual shift and shortening of retention
times, but if after several years of use, extensive use over less
than ayear, or use with harsh samples, this retention time has
noticeably shifted to any less than 80% of the original
recorded value, the column requires cleaning (according to
manufacturer’ sinstructions) or replacement.

9.3.2.5 If any of the conditions defined in Section 9.3.2.2 through
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9.3.2.4 are not met, the MCT must be repeated and revised to
amore appropriate lower matrix conductivity threshold or the
source of the problem must be determined and the IPC
reanalyzed.

9.3.3 Laboratory Fortified Blank (LFB) — Prepare a secondary dilution
stock using the same stock solution used to prepare the calibration
standards. This separate, secondary dilution stock is used as a
concentrate to fortify the LFB and the MS/M SDs (Section 9.4.1). An
external source stock or LCS, which is used to verify the accuracy of
the calibration curve when it wasinitially prepared (Section 10.2.5),
should not be used to prepare this secondary dilution stock.
Laboratories are required to analyze aLFB (filtered asif it werea
field sample) with each analysis batch immediately following the
ICCS. The LFB must be prepared with the same solution used to
prepare the LFM and should be prepared at concentrations no greater
than ten times the highest concentration observed in any field sample
and should be varied to reflect the range of concentrations observed
in field samples. By analyzing the LFB initially, a control check is
performed on the concentrated solution used to prepare the MS. If
any deviations in the perchlorate concentration are present, it will be
reflected in the LFB and not exclusively attributed to a matrix upon
anaysis of the MS. Calculate accuracy as percent recovery (Section
9.4.1.3). Therecovery for perchlorate must fall in the range of 85 -
115% prior to analyzing samples. If the LFB recovery for an analysis
batch does not meet these recovery criteriathe data are considered
invalid, and the source of the problem should be identified and
resolved before continuing analyses.

9.3.3.1 When sample matrices have been pretreated to reduce the
risk of high common anion interference (Section 11.1.4), a
second LFB must be prepared, pretreated in exactly the same
manner, and analyzed to confirm no background effects or
recovery biasinduced by the pretreatment are present. If an
analysis batch only contains pretreated samples, then only a
pretreated LFB is required.

9.4 ASSESSING ANALYTE RECOVERY AND DATA QUALITY -The
following must be included in every analysis batch (Section 3.1).

9.4.1 Laboratory Fortified Sample Matrix (MS) — The laboratory must add
aknown amount of each target analyte to a minimum of 1 every 20
collected field samples or at least one with every analysis batch,
whichever is greater. Samples which exceed the MCT must either be
diluted or pretreated to reduce the common anion levels (Section
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94.2

11.1.3). Samples which are pretreated have additiona MS
requirements described in Section 11.1.4.6, and must be fortified
before pretreatment. For MS to be valid, the target analyte
concentrations must be greater than the native level and should
adhere to the requirement outlined below. The solutions used to
fortify the MS are prepared from the same stocks used to prepare the
calibration standards.

9.4.1.1 Thefortified concentration must be equal to or greater than
the native sample concentration. Fortified samples that
exceed the calibration range must be diluted to be within
the linear range. In the event that the fortified level isless
than the observed native level of the unfortified matrix, the
recovery should not be calculated. Thisis dueto the
difficulty in calculating accurate recoveries of the fortified
concentration when the native sample concentration to
fortified concentration ratio is greater than one.

9.4.1.2 Calculatethe percent recovery for each target analyte,
corrected for concentrations measured in the unfortified
sample.

9.4.1.3 Recoveries may exhibit a matrix dependence. If the
recovery for perchlorate falls outside 80 - 120%, and the
laboratory’ s performance for all other QC performance
criteriais acceptable, the accuracy problem encountered
with the fortified sampleisjudged to be matrix related, not
system related. Repeated failure to meet suggested recovery
criteriaindicates potential problems with the procedure and
should be investigated.

FIELD, LABORATORY DUPLICATES OR DUPLICATE LFM
— The laboratory must analyze either afield duplicate, alaboratory
duplicate, or aduplicate MS for a minimum of 5% of the collected
field samples or at least one with every analysis batch, whichever
Is greater. The sample matrix selected for this duplicate analysis
must contain measurable concentrations of the target anionsin
order to establish the precision of the analysis set and ensure the
quality of the data.

9.4.2.1 Calculate the relative percent difference (RPD) of the initial

quantitated concentration (1 ) and duplicate quantitated
concentration (D) using the following formula
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([I_+D]/2)

9.4.2.2 Duplicate analysis may exhibit a matrix dependence. If the
RPD for the duplicate measurements of perchlorate falls
outside =+ 15% and if all other QC performance criteriaare
met, laboratory precision isout of control for the sample and
perhaps the analytical batch. This should not be a chronic
problem and if it frequently recurs (>20% of duplicate
analyses), it indicates a problem with the instrument or
individual technique that must be corrected.

10. CALIBRATION AND STANDARDIZATION

10.1 Demonstration and documentation of acceptable initial calibrationis
required prior to the IDC and before any samples are analyzed, and is
required intermittently throughout sample analysis to meet required QC
performance criteria outlined in this method and summarized in Table 3.
Initial calibration verification is performed using aL LCS as well aswith
each analysis batch using an initial, continuing (when more than 10 field
samples are analyzed), and end calibration check standards. The
procedures for establishing the initial calibration curve are described in
Section 10.1. The procedures to verify the calibration with each analysis
batch is described in Section 10.3.

10.2 INITIAL CALIBRATION CURVE

10.2.1 Establish ion chromatographic operating parameters equivalent to
those indicated in Table 1.

10.2.2 Prepare the calibration standards by carefully adding measured
volumes of the stock standard diluting to volume with reagent water

as described below:
Final Perchlorate Amount of (1,000 Amount of reagent
conc ug/L) standard water
0.5 ug/L 25ul 4.9975 ml
1.0 ug/L 5.0ul 4.995 ml
5.0 ug/L 25.0ul 4.975 ml
10.0 ug/L 50.0 ul 4.950 ml
20.0 ug/L 100.0 ul 4.900 ml
50.0 ug/L 250.0 ul 4.750 ml
100.0 ug/L 500.0 ul 4.500 ml
200.0 ug/L 1000.0 ul 4.000 ml
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10.2.3 Inject 1.0 mL of each calibration standard. Tabulate peak area
responses against the perchlorate concentration. The results are used
to prepare a calibration curve. Thisis done automatically by the
Dionex software. Acceptable calibration is confirmed after
reviewing the curve for linearity (r>>0.995) and passing the criteria
for theinitial calibration check standard £10% of true value.

10.2.3.1 Using peak areas, it isthe analyst’s responsibility to review
all chromatograms to insure accurate baseline integration of
target analyte peaks, since poorly drawn baselines will
significantly influence peak areas.

10.2.4 After establishing or reestablishing calibration curves, the accuracy
of this calibration must be verified through the analysis of aLCS or
externally prepared second source. The LCS should be prepared at a
concentration near the middle of the calibration curve. The
determined concentrations must fall within £ 10% of the stated
values.

10.2.5 Determine the Linear Calibration Range (LCR) -- The LCRis
determined by running analysis of samples above the calibration
curve (300ug/L, 400 ug/L etc.). Theresults of thisanalysis are
plotted as an extension to the calibration curve to determine the full
linear range. Thefinal calibration point of the curve (200.0 ug/L)
must be within 80% of the actually reflection point of the linear
range. Thelinear calibration range must extend to at least 250 ug/L
perchlorate.

10.3 CONTINUING CALIBRATION VERIFICATION -- Initial calibrations
may be stable for extended periods of time. Once the calibration curve has
been established it MUST be verified for each analysis batch, prior to
conducting any field sample analysis using an Initial Calibration Check
Standard. Continuing Calibration Check Standards and End Calibration
Check Standards are also required as described in the sections below.

10.3.1 INITIAL CALIBRATION CHECK STANDARD (ICCS) - For each
analysis batch the calibration must initially be verified prior to
analyzing any samples. The lowest level standard used to prepare the
linear calibration curve must be used. In cases where the analyst has
chosen to set the MRL (1.0 ug/L) above the lowest standard, a
standard at a concentration equal to the MRL is acceptable. Percent
recovery for the ICCS must be in the range or 75 - 125% or as
established by precision and accuracy evaluation before continuing
the analysis batch and conducting any sample analyses.
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10.3.2 CONTINUING CALIBRATION CHECK/END CALIBRATION
CHECK STANDARDS (CCCS/ECCS) -- Continuing calibration
check standards MUST be analyzed after every tenth field sample
analysis and at the end of the analysis batch as an end calibration
check standard. If more than 10 field samples areincluded in an
analysis batch, the analyst must alternate between the middle and
high continuing calibration check standard levels.

10.3.2.1 The percent recovery for perchlorate in the CCCS/ECCS
must be between 85 - 115% or as established by precision
and accuracy evaluation.

10.3.2.2 If during the analysis batch, the measured concentration for
perchlorate in the CCCS or ECCS differs by more than the
calibration verification criteria shown above, or if the
perchlorate peak retention time shifts outside the retention
time window, all samples analyzed after the last acceptable
check standard are considered invalid and must be
reanalyzed. The source of the problem must be identified and
resolved before reanalyzing the samples or continuing
analyses.

10.3.2.3 In the case where the end calibration fails to meet
performance criteria, but the initial and middle calibration
checks are acceptable, the samples bracketed by the
acceptable calibrations may be reported. However, al field
samples between the middle and end calibration checks
MUST be reanalyzed.

10.4 CONDUCTIVITY METER CALIBRATION -- Prior to conducting the
MCT and coinciding with each analysis batch, conductivity meter
calibration must be verified or established using a standard KCl solution
(Section 7.5).

10.4.1 Thoroughly rinse the conductivity electrode with reagent water. Place
the electrode in the reagent water, turn on the meter and confirm the
conductance of this blank is< 1 uS/cm.

10.4.2 Pour approximately 15 mL of the standard KCl solution (Section
7.5) into a plastic disposable micro beaker (Section 6.7) and place
the electrode into the solution. The reference conductance for this
solution is 1410 uS/cm at 25 'C." The conductivity meter must yield a
conductance between 1380 uS/cm and 1440 uS/cm to be in
calibration.
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10.4.3 If the conductivity meter fails calibration, recalibrate the unit per
Shaw’s SOP SHAW CON-005.

11. ANALYTICAL PROCEDURE

11.1 SAMPLE PREPARATION

11.1.1 Samples are to be refrigerated as a standard practice for sample
control, ensure the samples have come to room temperature prior to
conducting sample analysis.

11.1.1.1 Aqueous samples need to be filtered either during field collection
or they should be filtered immediately upon arrival at the lab to
preclude any biological degradation of perchlorate.

11.1.1.2 Soil samples need to be extracted with laboratory DI water prior to
analysis. A samplealiquot of 5to 10 grams can be extracted in a
volume of water to give a5 fold dilution (5 g/25ml) in a sterile
centrifuge tube. The durry is placed on arotary shaker for ~ 1 hr.
The agueous phase is collected after centrifugation and the sampleis
filtered through a 0.45 um nylon filter prior to analysis. A
subsample of the soil is analyzed for moisture content in order to
adjust final perchlorate concentration to a dry weight basis.

11.1.2 MATRIX CONDUCTANCE VERIFICATION - Prior to conducting
the analysis of afield sample matrix, the conductance of that matrix
must be measured unless thereis historical data available for site
samples. Matrix conductivity is directly related to the common anion
levelswhich, at high concentrations, can influence the integrity of
the perchlorate analysis.

11.1.2.1 Measure the conductivity of the sample using ~15 ml of
sample with a calibrated conductivity meter.

11.1.2.2 If the conductance is less than the MCT, continue to Section
11.1.5.

11.1.2.3 If the conductance is greater than the MCT, the matrix
requires dilution or pretreatment prior to analysis. The
dilution procedure is found in Section 11.1.3. Pretreatment
is described in Section 11.1.4.

11.1.2.4 Discard this aliquot of sample and be certain to thoroughly

rinse the el ectrode with reagent water between each matrix
conductivity measurement.
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11.1.3

11.1.4

MATRIX DILUTION

11.1.3.1 A sample can be analyzed diluted with reagent water to a
conductance below the MCT. The exact magnitude of this
dilution will adversely increase the MRL by an equivalent
proportion.

11.1.3.2 Knowing the matrix conductance exceeds the MCT,
estimate the proportion required for the dilution by dividing
the measured matrix conductance by the MCT. Round up to
the next whole number and dilute the sample by a
proportion equivalent to this value. For example, if the
established MCT is 6100 uS/cm and a sample reflecting a
conductance of 8000 uS/cm was measured, dilute the
sample with reagent water by afactor of 2.

11.1.3.3 Measure the conductance of the diluted sample to confirm it
isnow below the MCT. Analyze the sample as specified in
Section 11.1.5 with the understanding that the MRL has
now been elevated by a proportion equivalent to the
dilution. Adjust for dilution factor in reporting results.

PRETREATMENT FOR MATRICES WHICH EXCEED THE
MCT

If sample dilution did not yield the required results, sample
pretreatment should be employed. When the MCT is exceeded, it is
most often due to a high levels of common anions (chloride, sulfate,
and carbonate) in a particular matrix. To effectively reduce a
significant amount of these anions which contribute to the high
conductivity reading, a series of pretreatment cartridges must be
employed. For this pretreatment, three cartridges are attached in
seriesin the following order: Ba, Ag, and H.

11.1.4.1 Individually and thoroughly rinse each pretreatment
cartridge with reagent water in order to insure all residual
background contaminants are removed from the cartridge.
Perform this rinse per manufacturer’ s instructions.

11.1.4.2 Prior to pretreating any field samples, prepare and pretreat a
LRB and an LFB. This pretreatment is conducted by
placing the cartridges in the following prescribed series (—
>Ba—>Ag—>H). A 0.45 um filter is placed between the Ag
and H cartridgesto collect any silver residue. The
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pretreated LRB and LFB are used to verify that no
background interference or biasis contributed by the
pretreatment. If aresponse is observed in the pretreated
LRB, triple or quadruple the volume of reagent water rinse
is used to wash the filters prior to use. Repeat analysis of
the blank to ensure that it measures no more than %2 the
MRL. If this additional rinsing procedure is required, it
must be consistently applied to all the cartridges prior to
conducting any matrix pretreatment.

11.1.4.3 Filter 3 mL of sample through the series of rinsed, stacked
cartridges as an initial samplerinse (Ba, Ag, 0.45 um filter,
and H) at aflow rate of 1.0 mL/ min or less (approximately
one drop every 3 to 4 seconds). Thisflow rateis critical to
the pretreatment and must be carefully followed. Discard
this fraction and begin collecting the pretreated sample
aliquot of collected sample.

11.1.4.4 When sufficient volume has been collected, the conductance
of the pretreated sample aliquot should be reanalyzed as
long as there is sufficient sample quantity to determine if
the sampleis below the MCT. If the conductanceis still
above the MCT double pretreatment cartridges may need to
be applied.

11.1.4.5 Place this aliquot of pretreated sample into an autosampler
vial asdescribed in Section 11.1.3.

11.1.4.6 In order to ensure data quality, samples which fail the MCT
and have been selected for pretreatment, must also be used
to prepare an MS. This MS must be fortified with
perchlorate at concentrations close to, but greater than, the
level determined in the native sample prior to the
pretreatment. Initially, the pretreated sample is analyzed
and perchlorate level is determined. Then, a second aliquot
of sample must be fortified with perchlorate, pretreated to
reduce the high common anion levels, and analyzed to
assess perchlorate recovery from that matrix. This
additional QC isrequired to rule out matrix effects and to
confirm that the laboratory performed the pretreatment step
appropriately. If the perchlorate recovery falls outside
the acceptance range of 80 - 120%, that particular
sample should bereported as suspect/matrix.

11.1.4.7 The pretreatments prescribed above are effective at reducing
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the chloride and sulfate content of a sample matrix but will
not reduce matrix concentrations of other anions such as
nitrate or phosphate.

11.1.5 Samples not requiring pretreatment. Using a Luer lock, plastic 10
mL syringe, withdraw approximately 10 mL of sample and attach a
0.45 um particulate filter, directly to the syringe. Filter the sample
into an autosampler vial

11.2 SAMPLE ANALYSIS

11.2.1 Table 1 summarizes the operating conditions for the ion
chromatograph.

11.2.2 Establish avalid initial calibration and verify this calibration by
conducting a LCS as described in Section 10.2. Following the LCS
analyze the |PC solution, followed by the LRB. Then confirm the IC
system calibration by analyzing an ICCS (Section 10.3.1) and, if
required, recalibrate as described in Section 10.2. Lastly, analyze the
LFB.

11.2.3 Inject 1.0 mL of each filtered sample using the A S50 autosampler.
The same size loop for standards and samples. The data report
generated by the Chromelean software includes the resulting peak
sizein area and height units, ug/L concentration based on calibration
curve, and the retention time for each analyte.

11.2.4 The width of the retention time window used to make identifications
should be based upon measurements of actual retention time
variations of standards measured over several days. Threetimesthe
standard deviation of retention time may be used as a suggested
window size but the retention time window should not extend
beyond + 5% of the retention time for perchlorate. The experience of
the analyst should weigh heavily in the interpretation of these
chromatograms.

11.2.5 If the response of a sample analyte exceeds the calibration range, the
sample must be diluted with an appropriate amount of reagent water
and reanalyzed.

11.2.6 Should more compl ete resolution be needed between perchlorate and
a coeluting, shoulder peak, the eluent may be diluted. This will
spread out the peaks, causing later elution of perchlorate. Analysts
are advised to carefully evaluate any of these eluent dilutions since
when these eluent changes are incorporated, other coelutions may be
encountered which were not initialy evident. This should only be

28



done under supervision of the laboratory director.

11.2.7 Analysis sequences must be carefully constructed to meet required
QC specifications and frequency.

11.2.8 Additional batches may be added sequentially on to the end of these
types of schedules aslong as all QC samples, which define an
individual batch (IPC, LRB, ICCS, LFB, MS/IMSD, etc.) are
individually reanalyzed with each successive seria batch and the QC
criteriafor these analyses are continually met (from the 1PC through
ECCS).

120 DATA ANALYSISAND CALCULATIONS

12.1 Identify perchlorate in the sample chromatogram by comparing the
retention time of a suspect peak within the retention time window to the
actual retention time of a known analyte peak in a calibration standard. If
the perchlorate retention time has slightly shifted (generally towards
shorter times) since theinitial calibration, but is still within acceptance
criteriaand are reproducible during the analysis batch, the analyst should
use the retention time in the daily calibration check standards to confirm
the presence or absence of perchlorate anion.

12.1.1 If alow concentration of perchlorate is suspected in an unknown
sample, but the retention time has drifted to the edge of the retention
time window, alow level perchlorate MS, prepared at nearly the
same concentration as the suspect peak, should be prepared from this
sample matrix to confirm the matrix induced retention time shift. If
the fortified sample reveals a split or shouldering peak response, the
low concentration in the unfortified sample is likely an interferant
and should not be reported as perchlorate.

12.2 Compute sample concentration using the initial calibration curve generated in
Section 10.2. Thisisautomatically done by the Dionex software. Dilution
factors can be integrated into the sample peak table to account for any dilution
adjustments.

12.3 Report ONLY those values that fall between the MRL and the highest
calibration standards. Report resultsin pg/L.

13. METHODS PERFORMANCE

See Shaw’s QAPP for precision and accuracy evaluation.
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TABLE 1. CHROMATOGRAPHIC CONDITIONSAND METHOD DETECTION

Standard Conditions and Equipment”:

lon Chromatograph:
Sample Loop:
Eluent generator:
Eluent Flow:
Columns:

Typical System
Backpressure:
Suppressor:

Detectors:

Anion trap
Temperature

Determined MCT ):

Dionex DX2000

1000 pL

60 mM KOH

0.35 mL/min

Dionex AG16, 2 mm/ AS16, 2 mm
1500 psi

ASRS ULTRAII (P/N 53946), external water mode, 150 mA
current

Suppressed Conductivity Detector, heated Dionex D6S
Background Conductivity: 2 - 3 uS

Continuously regenerated CR-TC

35 C column heater

1820 uS/cm

Recommended method total analysistime: 12-15 minutes
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TABLE 2

INITIAL

REQUIREMENTS.

DEMONSTRATION OF CAPABILITY QC

rI?tequweme Specification and Frequency Acceptance Criteria

Initial Analyze amethod blank (LRB) and The LRB concentration

Demonstratio determine that all target analytes are below must be #%2 of the MRL.

n of Low Y% of the proposed MRL prior to

System performing the IDC.

Background

Initia Analyze 7 replicate LFBsfortified with The recovery must be

Demonstratio perchlorate at 25 ug/L. Calculate the mean +10% of true value.

n of recovered concentration (CO) See

Accuracy Equation in Section 9.2.3.

(IDA)

Initia The %RSD must be £10%

Demonstratio Calculate percent relative standard

n of deviation (%RSD)of IDA replicates. See

Precision Equation in Section 9.2.

(IDP)

Quality Initially, upon reestablishing calibration The LCS must be + 10%

Control . of thetrue value.

Sample and with each sample batch analyze a LCS

from an external/second source.

(LCS)

Method Select afortifying level at or near the

Detection MRL. Analyze 107 replicate LFBs over

Limit (MDL) multiple days and calculate MDL using

Determinatio Shaw’s mdl procedure

n

Minimum An MRL should be established for Thelow CAL standard

Reporting perchlorate during the IDC. can be lower than the

Level (MRL) MRL, but the MRL
MUST be no lower than
thelow CAL standard

Matrix Prepare a series of LFB samples, each The MCT isset at the

Conductivity containing a suggested perchlorate highest measured

Threshold concentration of 25 ug/L, at sequentially conductance observed in

(MCT) MRL increasing fortified levels of common the last fortified MCT

verification anions. Measure sample conductance and sample to yield a PDA/H

analyze each, calculate average A/H ratios value below 20%.

and PDA/H (using equation in Section
9.2.8.8). Calculate MCT as outlined in
SOP. Verify the MRL in asolution
prepared at the MCT.

Prepared within £10% of
the MCT. Perchlorate
recovery must be 70-
130% of the MRL.
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TABLE 3. QUALITY CONTROL REQUIREMENTS FOR ANALYTICAL BATCH

RUN
Requirement Specification and Frequency Acceptance Criteria
Sample Perchlorate 28 days No Preservation Holding time must not be
Holding Time/ technique required. Filtered sample exceeded.
Preservation / preferred. Ship onIce
Storage
Initial Generate calibration curve using eight MRL MUST be no lower
Calibration standards than the lowest calibration
standard
Instrument Designed to verify Matrix Prepared within £10% of
Performance Conductivity Threshold (MCT). the MCT. IPC solution
Check (1PC) Prepare mixed common anion conductance verified to
solution at the MCT. Confirm the within + 10% of original
sample’ s conductance and analyze at measured value (when
the beginning of each analysis batch. originaly prepared) PDam,
(when compared to the
A/HLrs) must be < 25%.
Perchlorate quantitated
between 80 -120% of
fortified level. <5% shift in
perchlorate retention time.
Initial With each analysis batch, initialy Recovery must be 75-
Calibration verify calibration at the MRL by 125% of the true value.
Check (ICCS) analyzing aninitial low-level
continuing calibration check standard
(ICCS).
Continuing Analyze separate mid and high level Recoveries must fall
Cadlibration CCCS/ECCS after every 10 samples between 85 - 115%
(CCCS) and and after the last samplein an
End Calibration analysis batch.
Checks (ECCYS)
Laboratory Include LRB with every analysis Perchlorate must be < %
Reagent Blank batch (up to 20 samples) Analyze MRL
(LRB) prior to analyzing field samples
PRETREATED REQUIRED in any analysis batch Perchlorate must be < ¥2
Laboratory which includes samples which have MRL
Reagent Blank exceeded the MCT and have been
(LRB) pretreated in any way to reduce the

anion levels.
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TABLE 3. QUALITY CONTROL REQUIREMENTS FOR ANALYTICAL

BATCH

(CONTINUED).

Requirement

Specification and Frequency

Acceptance Criteria

Laboratory
Fortified Blank
(LFB)

Laboratory must analyze LFB in each
analysis batch following the ICCS.
Calculate %REC prior to analyzing
samples. The concentration selected
for the LFB in subsequent analysis
batches should be varied

Recovery for LFB MUST
be 85 - 115% prior to
analyzing samples. Sample
results from batches that
fail LFB areinvalid.

PRETREATED
Laboratory
Fortified Blank
(LFB)

REQUIRED in any analysis batch
which includes samples which have
exceeded the MCT and have been
pretreated in any way to reduce the
common anion levels. Fortification
must be made prior to pretreatment

Recovery for pretreated
LFB MUST be 85 - 115%
prior to analyzing samples.
Sample results from
batches that fail a
pretreated LFB are invalid.

Laboratory
Fortified
Sample Matrix
(MS)
SPECIAL LFM
for matrices
requiring
pretreatment

Must add known amount of
perchlorate to a minimum of 5% of
field samples or at least one within
each analysis batch. MS must be
fortified above the native level and at
no greater than 10 x the highest field
sampl e concentration. Calculate
target analyte recovery using formula.
When a sample exceeds the MCT and
pretreatment is employed to reduce
the common anion levels, an
additional MS must be prepared from
this matrix and subsequently
pretreated exactly as the unfortified
matrix.

Recovery must be 80 -
120% If fortified sample
fails the recovery criteria,
label both as
suspect/matrix. Same
criteria, recoveries must be
80 -120%.

Field or
Laboratory
Duplicates or
MSD Duplicate

Analyze either afield, laboratory or
MS/MSD duplicate for a minimum of
5% of field samples or at |east one
within each analysis batch. Calculate
the relative percent difference (RPD).

RPD must be + 15%.
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SHAW METHOD SHAW 1C-001

EPA METHOD #: 300.0 Rev2.1 Approved by Office of water (1993)
TITLE: Inorganic Anions (lon chromatogr aphy)
ANALYTE: Inorganic Anions
INSTRUMENTATION: IC

VERSION. 2006

NUMBER 2

DETERMINATION OF INORGANIC ANIONSBY ION CHROMATOGRAPHY

ANIONS (SHAW |C-001; EPA 300.0)
1.0 SCOPE AND APPLICATION

1.1 This method covers the determination of the following inorganic anions:

12

13

14

Bromide Nitriteas N
Chloride Ortho-Phosphate-P
Fluoride Sulfate

Nitrate asN

Chlorite

Chlorate

The matrices applicable to each method are shown below:

1.2.1 Drinking water, surface water, mixed domestic and industrial
wastewaters, groundwater, reagent waters, solids (after water
extraction), leachates (when no acetic acid is used).

1.2.2 Drinking water and reagent waters

The single laboratory Method Detection Limit for the above analytesis

listed in Shaw’s QAPP. The MDL for a specific matrix may differ from

depending upon the nature of the sample.

The method is recommended for drinking and wastewaters. The ranges
tested for each anion are as follows:
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Anayte ma/L

Bromide 0.1-20.0
Chloride 0.1-20.0
Fluoride 0.1-20.0
Nitrate-N 0.1-20.0
Nitrite-N 0.1-20.0
Otho-Phosphate-P 0.1-20.0
Sulfate 0.1-20.0
Chlorate 0.1- 20.0

15 This method is recommended for use only by or under the supervision of
analysts experienced in the use of ion chromatography and in the
interpretation of the resulting ion chromatograms.

16 When this method is used to analyze unfamiliar samples for any of the
above anions, anion identification should be supported by the use of a
fortified sample matrix covering the anions of interest. The fortification
procedure is described in Section 11.6.

17 Users of the method data should state the data-quality objectives prior to
analysis. Users of the method must demonstrate the ability to generate
acceptable results with this method, using the procedures described in
Section 9.0.

SUMMARY OF METHOD

21 A small volume of sample, 25 uL, isintroduced into a Dionex 120 ion
chromatograph. The anions of interest are separated and measured, using a
system comprised of a guard column, analytical column, suppressor device,
and conductivity detector.

22 An extraction procedure must be performed to use this method for solids
(See Section 11.7).

23 Limited performance-based method modifications may be acceptable
provided they are fully documented and meet or exceed requirements
expressed in Section 9.0, QC.

DEFINITIONS
3.1 Calibration Blank (CB) -- A volume of reagent water used to prepare the
Cdlibration standards.

3.2 Calibration Standard (CAL) -- A solution prepared from the primary
dilution standard solution or stock standard solutions and the internal
standards and surrogate analytes. The CAL solutions are used to calibrate
the instrument response with respect to analyte concentration.

3.3 Field Duplicates (FD) -- Two separate samples collected at the same time
and placed under identical circumstances and treated exactly the same
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3.6

3.7

3.8

39

3.10

311

throughout field and laboratory procedures. Analyses of field duplicates
indicate the precision associated with sample collection, preservation and
storage, as well as with laboratory procedures.

Instrument Performance Check Solution (IPC) -- A solution known
concentration of anions at amid level range used to evaluate the
performance of the instrument system with respect to a defined set of
criteria.

Laboratory Fortified Blank (L FB) -- An aliquot of reagent water to
which known quantities of the method analytes are added in the laboratory.
The LFB is analyzed exactly like a sample, and its purpose is to determine
whether the methodology is in control, and whether the laboratory is
capable of making accurate and precise measurements.

Laboratory Fortified Sample Matrix (MS/M SD) -- An aliquot of an
environmental sample to which known quantities of the method analytes
are added in the laboratory. The LFM is analyzed exactly like a sample,
and its purpose is to determine whether the sample matrix contributes bias
to the analytical results. The background concentrations of the analytesin
the sample matrix must be determined in a separate aliquot and the
measured values in the MS/M SD corrected for background concentrations.

Laboratory Reagent Blank (LRB) -- An aliquot of reagent water that are
treated exactly as a sample including exposure to all glassware, equipment,
solvents, reagents, internal standards, and surrogates that are used with
other samples. The LRB is used to determine if method analytes or other
interferences are present in the laboratory environment, the reagents, or the
apparatus.

Linear Calibration Range (L CR) -- The concentration range over which
the instrument responseis linear.

Material Safety Data Sheet (M SDS) -- Written information provided by
vendors concerning a chemical's toxicity, health hazards, physical
properties, fire, and reactivity dataincluding storage, spill, and handling
precautions.

Method Detection Limit (MDL) -- The minimum concentration of an
analyte that can be identified, measured and reported with 99% confidence
that the analyte concentration is greater than zero.

Perfor mance Evaluation Sample (PE) -- A solution of method analytes
distributed by the Quality Assurance Research Division (QARD),
Environmental Monitoring Systems Laboratory (EM SL-Cincinnati), U. S.
Environmental Protection Agency, Cincinnati, Ohio, to multiple
laboratories for analysis. A volume of the solution is added to a known
volume of reagent water and analyzed with procedures used for samples.
Results of analyses are used by QARD to determine statistically the
accuracy and precision that can be expected when a method is performed
by a competent analyst. Analyte true values are unknown to the analyst.
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4.0

3.12

3.13

Laboratory Control Sample (LCS) -- A solution of method analytes of
known concentrations that is used as a secondary check standard. The LCS
is obtained from a source external to the laboratory and different from the
source of calibration standards. It is used to check laboratory performance
with externally prepared test materials.

Stock Standard Solution (SSS) -- A concentrated solution containing one
or more method analytes prepared in the laboratory using assayed reference
materials or purchased from a reputable commercial source.

INTERFERENCES

4.1

4.2

4.3

4.4

45

4.6

4.7

4.8

Interferences can be caused by substances with retention times that are
similar to and overlap those of the anion of interest. Large amounts of an
anion can interfere with the peak resolution of an adjacent anion. Sample
dilution and/or fortification can be used to solve most interference
problems assaciated with retention times.

The water dip or negative peak that elutes near, and can interfere with, the
fluoride peak can usually be eliminated by the addition of the equivalent of
1 mL of concentrated eluent (7.3 100X) to 100 mL of each standard and
sample.

Method interferences may be caused by contaminants in the reagent water,
reagents, glassware, and other sample processing apparatus that lead to
discrete artifacts or elevated baseline in ion chromatograms.

Samples that contain particles larger than 0.45 microns and reagent
solutions that contain particles larger than 0.20 microns require filtration to
prevent damage to instrument columns and flow systems.

Any anion that is not retained by the column or only slightly retained will
elute in the area of fluoride and interfere. Known coelution is caused by
carbonate and other small organic anions. At concentrations of fluoride
above 1.5 mg/L, thisinterference may not be significant, however, it isthe
responsibility of the user to generate precision and accuracy information in
each sample matrix.

The acetate anion elutes early during the chromatographic run. The
retention times of the anions also seem to differ when large amounts of
acetate are present. Therefore, this method is not recommended for
leachates of solid samples when acetic acid is used for pH adjustment.

The quantitation of unretained peaks should be avoided, such aslow
molecular weight organic acids (formate, acetate, propionate etc.) which
are conductive and coelute with or near fluoride and would bias the
fluoride quantitation in some drinking and most waste waters.

Any residual chlorine dioxide present in the sample will result in the
formation of additional chlorite prior to analysis. If any concentration of
chlorine dioxide is suspected in the sample purge the sample with an inert
gas (argon or nitrogen) for about five minutes or until no CIO2 remains.
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6.0

7.0

SAFETY

51

52

53

The toxicity or carcinogenicity of each reagent used in this method have
not been fully established. Each chemical should be regarded as a potential
health hazard and exposure should be as low as reasonably achievable.
Cautions are included for known extremely hazardous materials or
procedures.

Each laboratory is responsible for maintaining a current awareness file of
OSHA regulations regarding the safe handling of the chemicals specified in
this method. A reference file of Material Safety Data Sheets (MSDS)
should be made available to all personnel involved in the chemical

analysis. The preparation of aformal safety plan is also advisable.

The following chemicals have the potential to be highly toxic or hazardous,
consult MSDS.
5.3.1 Sulfuric acid (Section 7.4)

EQUIPMENT AND SUPPLIES

6.1

6.2

6.3

6.4

6.5

Balance -- Analytical, capable of accurately weighing to the nearest
0.000lg.

lon chromatograph — Dionex DX 120 -Analytical system complete with ion
chromatograph and all required accessories including syringes, analytical
columns, compressed gasses and detectors.

6.2.1 Anion guard column: A protector of the separator column: the
Dionex 4mm AG18 guard column (p/n 060551) is utilized.

6.2.2  Anion separator column: Dionex 4mm AS18 (p/n 060549) column
will be used for al analytes.

6.2.3  Anion suppressor device: Dionex Ultrall ASRS 4mm suppressor
(300mA current)

6.24 Detector -- Conductivity cell: Dionex Model DS4-1.

The Dionex Peak Net Data Chromatography Software version 6.4 is used
to generate al data.

Dionex AS 40 autosampler with racks for 5-ml tubes.

Dionex AS40 autosampler vials purchased directly from Dionex with filter
caps for autosampler tubes.

REAGENTSAND STANDARDS

7.1

Sample bottles: Glass or polyethylene of sufficient volume to allow
replicate analyses of anions of interest.
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7.2 Reagent water: Distilled or deionized water, free of the anions of interest.
Water should contain particles no larger than 0.20 microns.

7.3 Eluent solution: Potassium Hydroxide 32.8 mM. (2.8 ml of 45% KOH -
high purity- to 1 L with deionized water).

7.4 Stock solutions, 1000 mg/L (1 mg/mL): Stock standard solutions are
purchased as certified solutions from Absolute Standards

75 Standard Stock solution. A 100mg/L mixed standard solution containing 8
anions (FI, Cl, SO, Br, NO3, NO,, ClOs, 0-PO,) is made by diluting 10 mls
(using a 10 ml volumetric pipettes) of each of the stocks (1000 mg/L) to a
fina volume of 100 ml in avolumetric flask.

7.5.5 Standards and Check Standards are made from the Standard Stock
solution (100 mg/L) fresh for each batch run. Dilutions are made directly
into the 5-ml autosampler vial to give the appropriate concentration. A
calibrated 5-ml Pipetman is used to deliver the water and Hamilton
syringes are used to measure the Standard Stock solution according to the
following table.

Amount of Amount of DI Final Anion
Standard Water (ml) Concentration
Stock
(100mg/L)
50ul 4.995 0.1 mg/L
10.0ul 4,990 0.2 mg/L
25.0ul 4,975 0.5 mg/L
50.0 ul 4,950 1.0 mg/L
100.0 ul 4,900 2.0mg/L
250.0 ul 4,750 5.0mg/L
500.0 ul 4,500 10.0mg/L
1000.0 ul 4.000 20.0 mg/L

8.0 SAMPLE COLLECTION, PRESERVATION AND STORAGE

8.1 Samples should be collected in plastic or glass bottles. All bottles must be
thoroughly cleaned and rinsed with reagent water. V olume collected should
be sufficient to insure a representative sample, allow for replicate analysis,
if required, and minimize waste disposal.
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8.2

Sample preservation and holding times for the anions that can be
determined by this method are as follows:

Analyte Preservation Holding Time
Bromide None required 28 days
Chlorate None required 28 days
Chloride None required 28 days
Chlorite Cool to 4°C immediately
Fluoride None required 28 days
Nitrate-N Cool to 4°C 48 hours
Nitrite-N Cool to 4°C 48 hours
0-Phosphate-P Cool to 4°C 48 hours
Sulfate Cool to 4°C 28 days

9.0 QUALITY CONTROL

9.1

9.2

Each laboratory using this method is required to operate aformal quality
control (QC) program. The minimum regquirements of this program consist
of aninitial demonstration of laboratory capability, and the periodic
analysis of laboratory reagent blanks, fortified blanks and other laboratory
solutions as a continuing check on performance. The laboratory is required
to maintain performance records that define the quality of the data that are
generated.

INITIAL DEMONSTRATION OF PERFORMANCE

921

922

9.2.3

Theinitial demonstration of performance is used to characterize
instrument performance (determination of LCRs and analysis of
QCYS) and laboratory performance (determination of MDLS) prior
to performing analyses by this method.

Linear Calibration Range (LCR) -- The LCR must be determined
initially and verified whenever a significant change in instrument
response is observed or expected. Theinitial demonstration of
linearity must use sufficient standards to insure that the resulting
curveislinear. The verification of linearity must use a minimum of
ablank and three standards. If any verification data exceeds the
initial values by +10%, linearity must be reestablished. If any
portion of the range is shown to be nonlinear, sufficient standards
must be used to clearly define the nonlinear portion.

Laboratory Control Sample (LCS) — With each sample batch,
verify the calibration standards and acceptable instrument
performance with the preparation and analyses of aLCS. If the
determined concentrations are not within +10% of the stated
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9.3

9.4

values, performance of the determinative step of the method is
unacceptable. The source of the problem must be identified and
corrected before either proceeding with the initial determination of
MDLs or continuing with on-going analyses.

9.24 Method Detection Limit (MDL) -- MDLs must be established for
al analytes, using reagent water (blank) fortified at a concentration
of the estimated instrument detection limit

MDLs should be determined at least once ayear or when a new
operator begins work or whenever there is a significant change in the
background or instrument response.

ASSESSING LABORATORY PERFORMANCE

931

9.3.2

9.3.3

934

Laboratory Reagent Blank (LRB) -- The laboratory must analyze at |east
one LRB with each batch of samples. Data produced are used to assess
contamination from the laboratory environment. Values that exceed the
MDL indicate laboratory or reagent contamination should be suspected and
corrective actions must be taken before continuing the analysis.

Laboratory Fortified Blank (LFB) -- The laboratory must analyze at least
one LFB with each batch of samples. Cal culate accuracy as percent
recovery. If the recovery of any analyte falls outside the required lab
determined control limits that analyte is judged out of control, and the
source of the problem should be identified and resolved before continuing
analyses.

The laboratory must use LFB analyses data to assess laboratory
performance against the required control limits. Internal performance data
using a minimum of 20 analyses is determined on ayearly basis.

Instrument Performance Check Solution (IPC) -- For all determinations the
laboratory must analyze the |PC (a mid-range check standard